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NOMENCLATURE 


A = absorptance 

A / = amplitude  of  forward  propagating  beam  in  7th  layer,  V m”1 

B / = amplitude  of  backward  propagating  beam  in  /h  layer,  V nf1 

Co  = speed  of  light  in  vacuum,  2.9979  x 10s  m/s 

D = dynamical  matrix 

d = cavity  length  or  thickness,  m 

dsi  = thickness  of  the  Si  substrate,  cm 

E = electric  field  vector,  V m”1 

e = charge  of  an  electron,  1.602  x 10“ 19  C 

F = finesse 

fs  = fraction  of  superconducting  electrons 

G = thermal  conductance,  W/K 
I = intensity  of  the  beam 
/ = (-1)1/2 

j = electric  current  density,  A m 

_2 

)c  = critical  current  density  of  superconductor,  A m 
k = wave  vector,  cm-1 
m = order  of  resonance 
me  = effective  or  rest  mass  of  electron 


v 


N = complex  refractive  index 
n = real  part  of  the  refractive  index 
ne  = number  density  of  electrons,  m ' 

P = propagation  matrix 
R = reflectance;  or  resistance,  Q 
r = reflection  coefficient 
S = responsivity,  V/W 
T = transmittance 
t = transmission  coefficient 
Tc  = critical  temperature,  K 
3 = transmittance  of  the  resonator 

3ies  = resonant  transmittance 

u = moving  mirror  velocity  m sec”1 
v = velocity  of  electron,  m sec”1 
x = retardation,  m 

y = dimensionless  admittance  of  the  film 
P = phase  shift  inside  the  cavity,  rad 

ye  = damping  constant  in  the  Lorentz  term,  rad/s;  (1  rad/s  = 5.3089  x 10  cm  ) 
8 = phase  change 

e = dielectric  function 

So  = electric  permittivity  of  free  space,  8.8542  x 10  C-V”  m 
Soo  = high-frequency  dielectric  constant 
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0 = angle  of  incidence 

k = imaginary  part  of  refractive  index 
X = wavelength  in  vacuum,  m 
v = frequency  Eq.  (4. 1) 

Ode  = dc  conductivity,  (Qm)^1 

1/x  - electron  scattering  rate,  rad/s 

(j)m  = phase  shift  upon  reflection  at  surface  m,  rad 

\\i  = (3+  4>m  + 4)n,  Eq.  (3.41) 

© = frequency,  cm-1  (1  cm-1  = 2.9979  x 1010  Hz) 

©e  = center  frequency,  rad/s 

©m  = resonance  frequency,  cm-1 

©p  = plasma  frequency,  rad/s 

©pe  = plasma  frequency  in  the  Lorentz  term,  rad/s 

A©  = free  spectral  range,  cm"1 

5©  = spectral  resolution,  cm-1 

Subscripts 

f = film  or  film  side  incidence 
s = substrate  or  substrate  side  incidence 


vii 


Si 


silicon 
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This  work  describes  the  experimental  studies  on  the  radiative  properties  of 
superconducting  thin  films  in  the  far-infrared  region.  The  transmittance  and  reflectances 
of  superconductive  YBa2Cu307.5  (YBCO)  films  deposited  in  Si  substrates  were  measured 
in  the  wavelength  region  from  100  to  1000  pm  at  temperatures  between  10  and  300  K. 
The  effects  of  interference,  optical  resonance,  and  antireflection  on  the  radiative 
properties  of  high-temperature  superconducting  (HTSC)  films  have  been  observed  and 
quantitatively  analyzed. 

For  the  first  time,  the  reflectance  of  the  HTSC  film-substrate  composites  for 
radiation  incidence  on  the  substrate  side  (Backside  reflectance)  has  been  measured.  The 
backside  reflectance  increases  significantly  from  the  normal  state  to  the  superconducting 
state  at  certain  wave  lengths;  this  experimentally  demonstrates  the  HTSC  films  can  be 
used  to  build  far-infrared  intensity  modulators.  The  absorptance  of  the  film-substrate 
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composite  has  been  derived  from  the  measured  reflectance  and  transmittance  and  analyzed 
from  the  perspective  of  designing  superconducting  radiation  detectors.  The  absorptance 
for  radiation  incidence  on  the  substrate  side  is  higher  than  that  for  the  film  side  incidence. 
The  complex  refractive  index  of  the  YBCO  films  was  determined  from  the  measured 
transmittance  using  the  Drude  model  in  the  normal  state  and  a two-fluid  model  in  the 
superconducting  state. 

The  transmittance  of  the  Fabry-Perot  resonators  built  from  the  HTSC  thin  films 
was  measured  and  analyzed.  Measurements  were  carried  out  for  two  different  sets  of 
resonator  structures.  The  effect  of  partial  coherence  on  the  measured  transmittance  is 
studied  in  detail  and  the  need  to  improve  the  resolution  of  spectrometer  is  emphasized. 
The  resonant  transmittance  is  a complex  function  of  the  cavity  length,  substrate  thickness 
and  phase  shift  upon  reflection.  The  resonant  transmittance  reaches  its  maximum  for  a 
particular  value  of  the  cavity  length  and  substrate  thickness.  Detailed  discussion  on  the 
resonant  transmittance  optimization  is  provided  which  helps  in  choosing  the  optimal 
combination  of  the  substrate  thickness  and  the  cavity  length  and  it  also  helps  in  designing 
far-infrared  resonators  of  higher  finesse. 
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CHAPTER  I 
INTRODUCTION 


A perfect  superconductor  is  a material  that  exhibits  zero  resistance  and  perfect 
diamagnetism  when  it  is  maintained  at  temperatures  below  the  critical  temperature  Tc, 
under  bias  current  less  than  the  critical  current  and  applied  magnetic  field  less  than  the 
critical  magnetic  field.  Perfect  diamagnetism,  the  second  characteristic  property,  means 
that  a superconductor  does  not  permit  an  externally  applied  magnetic  field  (which  is  less 
than  the  critical  magnetic  field)  to  penetrate  into  its  interior.  The  discovery  of  high- 
temperature  superconductors  (HTSC)  by  Bednorz  and  Muller  in  1986  and  Wu  et  al.  in 
1987  has  generated  tremendous  excitement  in  the  public  because  of  the  fact  that  the 
superconductivity  can  now  be  achieved  above  liquid-nitrogen  temperature  and  the  new 
technological  promises  of  these  materials  (Gao,  1992).  More  and  more  materials  recently 
have  been  found  to  be  superconducting  at  higher  and  higher  temperatures  (Poole  et  al., 
1995). 

Spectroscopy  played  an  important  role  in  understanding  features  like  the 
structural  anisotropy  and  the  energy  gap  of  the  HTSC  materials.  Most  of  these  studies 
were  done  on  thick  films  and  single  crystals.  Later,  focus  has  shifted  to  developing  newer 
applications  of  HTSC,  which  require  that  superconductors  be  in  the  thin-film  form  grown 
on  compatible  substrates.  Since  then  substantial  work  has  been  done  in  the  areas  of 
deposition  of  HTSC  thin  films  and  the  substrate  selection.  Initial  spectroscopic  studies 
showed  that  HTSC  thin  films  tend  to  show  strikingly  different  radiative  properties  in  the 
far-infrared  region. 
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This  dissertation  analyzes  the  measured  radiative  properties  of  YBa2Cu307-s 
(YBCO)  thin  films  deposited  on  silicon  (Si)  substrate.  Two  important  issues  are 
considered.  The  first  one  is  interference  effects  and  associated  resonance  in  the  film- 
substrate  composite.  The  reflectance  of  a YBCO  film  increases  rapidly  as  its  state  is 
changed  from  the  normal  to  the  superconducting.  This  higher  reflectance  causes  the 
resonance  effect  within  the  substrate  that  alters  the  interference  features  of  the 
film-substrate  composite.  This  resonance  effect  can  be  used  in  Fabry-Perot  resonators. 
The  second  issue  is  regarding  the  radiative  properties  of  the  film- substrate  composite  for 
radiation  incident  on  the  substrate  side  (henceforth  referred  as  the  backside  illumination). 
The  reflectance  and  absorptance  values  of  thin  films  differ  significantly  for  backside 
illumination  as  compared  to  the  case  when  radiation  incident  on  the  film  side.  The  higher 
backside  reflectance  and  absorptance  will  be  useful  in  building  intensity  modulators  and 
bolometers  of  high  responsivity  (Zhang,  1998). 

HTSC  thin  films  on  a transparent  substrate  are  superior  candidates  for  resonators 
than  the  metallic  mesh  especially  in  the  far-infrared  region  (Renk  et  al.,  1990).  Metallic 
meshes  show  absorption  due  to  the  ohmic  losses.  The  absorptance  within  the  metallic 
mesh  limits  the  finesse  of  the  observed  spectra  of  the  resonators.  In  the  superconducting 
state,  the  HTSC  thin  films  have  no  ohmic  losses  (i.e.,  no  absorption)  for  frequencies  up  to 
the  superconducting  gap.  The  superconducting  gap  lies  within  the  far-infrared  region; 
hence,  the  resonator  built  with  HTSC  thin  films  should  offer  a higher  finesse  than 
metallic  mesh.  The  Fabry-Perot  resonators  built  from  the  YBCO  films  deposited  on  Si 
substrate  are  studied  in  detail.  Measurements  and  the  analysis  are  provided  to  help  in 
optimizing  the  resonator  characteristics. 
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The  organization  of  this  dissertation  is  as  follows.  Chapter  2 presents  some 
applications  of  HTSC  thin  films  and  a review  of  work  that  has  been  done  related  to  the 
substrate  selection  and  experimental  and  theoretical  studies  on  HTSC  materials. 
Theoretical  background  for  the  understanding  of  the  physical  properties  of  HTSC 
materials  and  for  computing  the  radiative  properties  of  multilayers  is  presented  in 
Chapter  3.  Infrared  experimental  techniques  and  the  film  deposition  methods  are 
described  in  Chapter  4.  Transmittance  and  reflectance  measurements  on  Si  substrates  and 
the  YBCO  films  along  with  the  analysis  are  presented  in  Chapter  5.  The  reflectance  and 
transmittance  data  recast  in  the  form  of  absorptance  are  discussed  in  Chapter  6 for  the 
design  and  optimization  of  infrared  detectors.  Measurements  and  the  optimization 
calculation  of  the  Fabry-Perot  resonators  are  presented  in  Chapter  7.  Finally,  conclusions 
and  recommended  future  work  are  given  Chapter  8. 


CHAPTER  2 

APPLICATIONS  OF  HTSC  FILMS  AND  PREVIOUS  STUDIES 

This  chapter  presents  discussion  on  the  application  aspects  of  HTSC  thin  films 
and  the  spectroscopic  studies  carried  out  in  this  regard.  Some  applications  require  HTSC 
materials  to  be  in  the  form  of  a thin  film  deposited  on  a suitable  substrate.  Extensive 
work  has  been  conducted  to  study  the  temperature  dependent  radiative  properties  of 
HTSC  films.  The  radiative  properties  of  HTSC  films  change  rapidly  from  the  normal 
state  to  the  superconducting  state  in  the  far-infrared  region.  This  significant  change  in  the 
radiative  properties  coupled  with  the  ability  to  alter  the  state  by  applying  critical  current 
or  critical  magnetic  field  or  by  raising  temperatures  above  Tc  make  HTSC  films  suitable 
candidates  in  designing  thermo-optoelectronic  devices  such  as  far-infrared  intensity 
(amplitude)  modulators,  radiation  detectors,  and  optical  resonators. 

Some  Potential  Applications  of  HTSC  Thin  Films 
Far-Infrared  Modulators 

Conventionally,  far-infrared  radiation  is  modulated  by  means  of  mechanical 
chopping.  The  speed  at  which  radiation  is  modulated  is  limited  by  the  rotational  inertia  of 
the  chopper.  Some  applications  like  signal  processing  of  the  far-IR  probe  beams  used  for 
plasma  diagnostics,  characterization  of  far-IR  detectors  and  modulation  of  far-IR  gas 
laser  need  the  radiation  to  be  modulated  at  very  great  speeds  (Grossman,  1989).  The 
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transmittance  and  reflectance  of  HTSC  films  change  strikingly  when  state  of  the  film 
changes  from  normal  to  superconducting,  which  can  be  achieved  by  reducing  the 
temperature  to  below  the  critical  temperature.  The  HTSC  film  in  the  superconducting 
state  (by  virtue  of  its  temperature  being  less  than  Tc ) can  be  switched  to  normal  state  by 
applying  an  electrical  current  greater  than  the  critical  current.  The  fast  switching  from 
superconducting  to  normal  state  allowed  by  this  way  help  in  modulating  the  far-infrared 
radiation  at  much  greater  speeds  than  the  conventional  chopping  method. 

The  reflectance  of  HTSC  thin  films  differs  significantly  for  the  backside 
illumination  as  compared  to  radiation  incident  on  the  film  side  (see  Fig  2.1).  This  feature 
allowed  by  the  backside  illumination  is  greatly  helpful  in  high  contrast  far-infrared 
modulators  (Zhang  et  al.,  1998).  Most  of  the  work  is  presented  for  the  reflectance  of 
HTSC  films  for  radiation  incident  on  the  film  side  (Renk,  1992;  Tanner  and  Timusk, 
1992;  Zhang  et  al.,  1994).  In  order  to  confirm  the  features  associated  with  the  backside 
illumination,  measurements  of  the  reflectance  of  HTSC  films  for  backside  illumination 
are  presented  by  Kumar  et  al.  (1999c). 

Bolometers 

The  heating  effect  of  the  absorbed  radiation  can  set  in  a change  in  the  resistance 
of  the  material.  The  devices  classified  as  bolometer  detectors  use  this  change  in  the 
resistance  to  measure  the  incident  radiation.  Initially,  bolometers  were  constructed  of 
evaporated  metal  films,  but  these  devices  are  noisy  and  less  sensitive.  Bolometers 
composed  of  semiconductor  alloys  have  been  used  in  modern  infrared  work. 

Figure  2.2  depicts  the  resistance  variation  with  the  temperature  for  a typical 
superconductor.  Near  the  transition  temperature  (critical  temperature  Tc ) the  resistance 
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drops  from  a finite  value  to  zero.  Also  shown  in  Fig.  2.2  is  the  temperature  derivative  of 
the  resistance  (dR/dT)  which  registers  a rapid  increase  and  decrease  near  Tc  ■ This  large 
change  in  the  resistance  for  a small  change  in  the  temperature  indicates  that  the 
superconductors  when  operated  near  Tc  can  be  used  as  bolometer  elements. 

A schematic  of  a superconducting  bolometer  is  shown  in  Fig.  2.3.  Modulated 
radiation  is  incident  on  the  superconducting  film,  causing  the  temperature  of  the  film- 
substrate  composite  to  vary  relative  to  that  of  a temperature-stabilized  heat  sink  (Zhang 
and  Frenkel,  1994).  A constant  bias  current  is  applied  and  voltmeter  measures  the  voltage 
across  the  film.  Ohms  law  gives  the  change  of  the  voltage  A V as 

HR 

AV  = I — AT  (2.1) 

dT 

where  I is  the  bias  current  and  AT  is  the  temperature  difference  between  the  film- 
substrate  composite  and  the  heat  sink.  The  ratio  of  the  output  voltage  to  the  incident 
power  is  defined  as  the  responsivity,  S,  and  it  is  expressed  as 


S = 


A I (dR/dT) 

P /i  . 2 2\l/2 

0(1+01  x ) 


(2.2) 


where  A is  the  absorptance  of  the  detector,  G is  the  thermal  conductance,  co  is  the 
modulating  frequency,  and  x is  the  thermal  time  constant  of  the  detector  (Rice  et  al., 
1994).  Near  the  transition  temperature,  superconductors  show  larger  value  of  dR/dT 
compared  to  metals  and  semiconductors  hence  the  superconductor  bolometers  offer 
higher  responsivity.  One  of  the  earliest  applications  conceived  for  FITSC  films  was  the 
transition  edge-bolometer,  which  can  be  operated  using  liquid  N2  temperature.  The  HTSC 
bolometers  are  not  only  economical  but  also  offer  higher  responsitivity  and  sensitivity 
than  the  standard  uncooled  bolometers,  thermopiles  and  pyroelectric  detectors  (Richards, 
1994). 
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Design  criterion  such  as  larger  responsivity  and  lower  noise  equivalent  power 
requires  the  absorptance  a to  be  maximum  in  the  film-substrate  composite.  For  an 
optimized  thermal  and  optical  design  of  HTSC  bolometer,  Si  is  an  ideal  substrate  because 
of  its  high  thermal  conductivity  and  low  specific  heat.  The  higher  far-infrared 
transparency  of  Si  allows  backside  illumination,  which  results  in  higher  absorptance  in 
the  film-substrate  composite.  Several  workers  demonstrated  the  FITSC  bolometers  and  in 
the  near  future  this  idea  is  expected  to  be  available  for  commercial  purpose  (Carr  et  al., 
1990;  Fenner  et  al.,  1993;  Mechin  et  al.,  1997;  and  Rice  et  al.,  1994). 

Fabry-Perot  Resonators 

Observations  in  the  far-infrared  region  play  an  important  role  in  the  fields  of 
astrophysics,  chemical  analysis,  and  molecular  spectroscopy.  Far-infrared  studies  in 
astrophysics  include  the  cooling  lines  of  star  forming  regions,  associated  cold  dust,  and 
spectra  of  giant  planets  (Brodbeck  et  al.,  1998).  The  pure  rotational  spectra  of  molecules 
and  absorption  bands  in  solids  and  liquids  generally  fall  in  the  far-infrared  region. 

Most  of  these  studies  require  precise  measurement  of  the  far-infrared  radiation  in 
a very  narrow  band;  this  can  be  achieved  with  the  help  of  Fabry-Perot  (F-P)  resonators 
(Vaughan,  1988).  F-P  resonators  can  also  be  used  as  adaptable  interferometers  and  in 
laser-line  analysis  (Komm  et  al.,  1975;  Vaughan,  1989).  A simple  F-P  resonator  consists 
of  two  reflecting  mirrors  facing  each  other  separated  by  a medium  that  is  usually  air  or 
vacuum  or  a gas  which  needs  to  be  analyzed.  The  most  commonly  employed  reflectors  in 
the  far-infrared  region  are  metallic  meshes  (Renk  and  Genzel,  1962;  Belland  and 


Lecullier,  1980). 
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A simple  Fabry-Perot  resonator,  shown  in  Fig.  2.4,  uses  two  plane  parallel  mirrors 
coated  with  highly  reflecting  material  on  one  side,  to  produce  an  interference  pattern  in 
which  all  the  incoming  beam  intensity  is  concentrated  at  a few  wave  numbers.  HTSC  thin 
films  on  a transparent  substrate  are  better  candidates  than  the  metallic  mesh  especially  in 
the  far-infrared  region  (Renk  et  al.,  1990).  Metallic  meshes  show  absorption  due  to  ohmic 
losses  from  the  current  induced  into  the  wires  at  infrared  frequencies.  This  absorptance 
within  the  metallic  mesh  limits  the  finesse  of  the  observed  spectra  of  the  resonators. 

In  the  superconducting  state,  the  HTSC  thin  films  have  no  ohmic  losses  (i.e.,  no 
absorption)  for  frequencies  up  to  the  superconducting  gap.  The  superconducting  gap  lies 
within  the  far-infrared  region;  hence,  the  resonator  built  with  HTSC  thin  films  should 
offer  a higher  finesse  compared  to  metallic  mesh.  Another  advantage  is  the  suppression 
of  high-frequency  radiation,  as  HTSC  materials  are  more  opaque  to  the  higher  frequency 
than  the  metallic-mesh.  Pechen  et  al.  (1992)  and  Renk  et  al.  (1990)  presented 
measurements  on  F-P  resonators  built  from  HTSC  films.  Kumar  et  al.  (1999a)  presented 
the  transmittance  of  resonators  along  with  the  peak  transmittance  optimization 
calculations.  These  studies  demonstrate  the  potential  of  HTSC  films  for  building  far- 
infrared  resonators. 


Infrared  Studies  on  HTSC  Films 

In  the  above-mentioned  discussion  on  applications  it  was  emphasized  that  for  the 
development  of  HTSC  applications,  the  choice  of  the  substrate  material  is  an  important 
issue.  Substrates  commonly  used  for  growing  HTSC  films  include  MgO,  SrTiCh, 
LaAlCh,  yttria-stabilized  zirconia  (YSZ),  and  sapphire  (Phillips,  1996).  Several 
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promising  far-infrared  applications  of  HTSC  films,  such  as  bolometers,  modulators,  and 
resonators,  demand  that  the  substrate  be  transparent  in  the  spectral  region  of  interest. 
Fenner  et  al.  (1993)  presented  transmittance  measurements  for  various  substrates, 
NdGaC>3,  LaA103,  MgO,  YSZ,  and  Si,  in  the  mid-  and  far-infrared  regions.  This  study 
showed  that  the  transmittance  of  Si  is  generally  higher  than  that  of  the  other  substrates  in 
the  measured  spectral  region,  (The  transmittance  of  pure  Si  is  slightly  greater  than  0.5  at 
wavelengths  longer  than  20  pm.)  The  higher  transmittance  of  Si  in  a broad  spectral 
region  allows  new  optical  designs  such  as  backside-illuminated  HTSC  microbolometers 
(Rice  et  al.,  1994).  At  present,  Si  substrates  have  received  significant  attention  from  the 
electronics  industry  due  to  the  feasibility  of  lithographically  patterning  HTSC  films  and 
the  potential  integration  of  semiconductor  and  superconducting  electronics  (Phillips, 
1996).  High-quality  YBCO  films  have  been  successfully  grown  on  Si  substrates  using 
pulsed  laser  ablation  (Fork  et  al.,  1991;  Mechin  et  al.,  1996)  but  very  few  measurements 
have  been  done  to  determine  the  radiative  properties  of  such  films. 

Berberich  et  al.  (1993)  measured  the  transmittance  and  reflectance  of  imperfect 
YBCO  films  deposited  on  Si  substrates.  These  films  were  of  poor  quality  because  they 
were  deposited  on  Si  substrates  without  buffer  layers,  and  the  reflectance  was  measured 
only  at  room  temperature.  Karrai  et  al.  (1992)  studied  the  transmittance  of  YBCO  thin 
films  on  Si  substrates  with  and  without  a magnetic  field.  However,  the  substrates  were 
intentionally  wedged  to  avoid  interference  effects.  Most  of  the  reported  radiative 
properties  of  HTSC  superconductors  were  for  opaque  samples  or  thin  films  on  thick 
substrates  (Tanner  and  Timusk,  1992;  Zhang  et  al.,  1994).  For  transmittance 
measurements,  the  interference  effects  associated  with  the  substrate  were  often  neglected 
by  either  averaging  over  a free  spectral  range  or  using  wedged  substrates  (Gao  et  al., 
1991;  Karrai  et  al.,  1992;  Zhang  et  al.,  1992;  Cunsolo  et  al.,  1993).  Knowledge  of  the 
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radiative  properties  of  thin  YBCO  films  deposited  on  thin  substrates  is  essential  for 
designing  optoelectronic  devices  including  radiation  modulators  and  Fabry-Perot 
resonators  (Renk  et  al.,  1990;  Genzel  et  al.,  1992;  Malone  et  al.,  1993;  Zhang,  1998). 

The  transmittance  and  reflectance  of  thin  films  on  transparent  substrates  typically 
oscillate  periodically  as  the  optical  frequency  changes,  as  a result  of  multiple  reflections 
inside  the  substrate.  This  oscillation  is  particularly  prevalent  in  the  far  infrared  because 
the  wavelength  is  comparable  with  the  substrate  thickness.  Hadni  et  al.  (1995)  measured 
the  far-infrared  transmittance  of  several  YBCO  films  deposited  on  MgO  substrates.  The 
interference  features  associated  with  the  substrate  were  clearly  seen  in  their  study  at 
frequency  10  to  40  cm-1.  Kumar  et  al.  (1999c)  measured  the  transmittance  spectra  and 
reflectance  spectra  of  YBCO  films  deposited  on  Si  substrates  in  the  frequency  region  10 
to  100  cm-1.  This  study  presented  the  reflectance  from  both  the  film  side  and  the 
substrate  side,  also  the  effect  of  the  film  thickness  on  observed  interference  fringes. 

Considering  that  high  absorptance  in  the  YBCO  film  is  a crucial  requirement  in 
the  construction  of  radiation  detectors,  there  is  a need  to  determine  the  absorptance  of 
thin  films.  Phelan  et  al.  (1992)  investigated  the  thickness-dependent  absorptance  of 
YBCO  films  deposited  on  MgO  substrates.  Their  measurements  are  in  the  wavelength 
region  from  10  pm  to  50  pm  (1000  cm”'  to  200  cm-1)  at  room  temperature.  Miller  et  al. 
(1993)  presented  film  side  absorptance  of  very  thick  (above  400  nm)  YBCO  films 
deposited  on  MgO,  SrTi03,  and  LaA103  substrates  in  the  frequency  region  10  cm"1  to 
700  cm-1.  They  concluded  that  the  film  side  absorptance  increases  smoothly  with 
frequency  in  the  measured  region.  Renk  et  al.  (1991)  presented  the  far-infrared  and 
microwave  absorptance  of  400  nm  thick  YBCO  films  deposited  on  SrTi03  substrate  and 
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provided  information  on  the  intragap  (i.e.,  below  the  superconducting  gap)  absorptance. 
Higher  absorptance  of  the  film- substrate  composite  occur  when  radiation  is  incident  on 
the  substrate  side  (backside  illumination).  Backside  illumination  requires  that  the 
substrate  be  transparent  in  the  measured  spectral  region.  Kumar  et  al.  (1999b)  presented 
absorptance  of  YBCO  films  on  Si  substrates  in  the  normal  state  for  radiation  incident  on 
the  film  side  and  the  backside. 

Accurate  assessments  of  the  potential  of  YBCO  films  in  optoelectronic 
applications  require  the  determination  of  the  frequency-dependent  radiative  properties. 
Knowledge  of  the  complex  dielectric  function  of  the  YBCO  film  facilitates  the 
computation  of  radiative  properties  in  desired  spectral  regions  (Phelan  et  al.,  1991;  1992). 
Due  to  their  complicated  crystalline  structures,  the  refractive  index  of  the  HTSC 
materials  may  vary  significantly  depending  on  the  method  of  preparation,  oxygen 
content,  thickness,  and  microstructure  (Choi  et  al.,  1992;  Renk,  1992;  Tanner  and 
Timusk,  1992;  Flik  et  al.,  1992). 

In  the  normal  state,  a two-component  model,  consisting  of  a temperature- 
dependent  free-carrier  absorption  term  (the  Drude  term)  and  a temperature-independent 
mid-infrared  term  (the  Lorentz  term),  is  used  for  computing  e(©).  In  the  superconducting 
state,  the  conventional  two-fluid  model  is  used  for  computing  s(©).  In  the  two-fluid 
model,  the  free  carriers  (represented  by  the  Drude  term  in  the  normal  state)  are  assumed 
to  be  in  two  different  states  often  referred  to  as  superconducting  electrons  and  normal 
electrons.  The  superconducting  electrons  are  not  scattered  by  sources  and  are  responsible 
for  conducting  the  resistanceless  current. 
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Figure  2.1.  Configurations  for  (a)  film  side  illumination  (b)  backside  illumination 
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Figure  2.2  Temperature  vs.  resistance  and  dR/dT  for  a superconductor 
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Figure  2.3  Schematic  of  a superconductor  bolometer 
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Figure  2.4  Construction  and  characteristics  of  Fabry-Perot  resonator  (a)  schematic 
of  a resonator  (b)  the  transmitted  radiation  through  the  resonator  vs.  frequency 


CHAPTER  3 

THEORETICAL  CONSIDERATIONS 


The  frequency  dependent  dielectric  function  s(co)  and  the  electrical  conductivity 
ct(co)  explain  the  radiation  interaction  at  the  atomic  level  and  the  associated  absorptive 
and  dispersive  nature  of  the  materials.  However,  neither  s(co)  nor  a(<a)  can  usually  be 
measured  directly.  Therefore,  the  optical  properties  are  usually  determined  from 
experimentally  measured  transmittance  and/or  reflectance,  by  assuming  suitable  models 
for  the  dielectric  function. 


Electrical  Conductivity 

D.C.  Conductivity 

In  metals  a background  lattice  of  positive  ions  oscillating  about  the  fixed  lattice 
positions,  are  considered  to  be  immersed  in  an  electron  gas  made  up  of  valence  electrons. 
The  negative  charges  on  the  mobile  valence  electrons  exactly  balances  positive  charges 
on  the  relatively  immobile  positive  ions. 

A potential  difference  between  two  points  on  a conductor  establishes  a uniform 
electric  field,  E,  along  the  axis  of  the  wire.  This  field  accelerates  the  electrons,  giving  rise 
to  electric  current.  The  product  of  the  electron  charge  (e)  and  the  electric  field  (E)  gives 
the  accelerating  force  acting  on  the  electrons.  The  continuous  movement  of  electrons  will 
result  in  repeated  collision  with  the  stationary  atoms  in  the  lattice.  The  collisions  with  the 
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stationary  atoms  result  in  a damping  force  on  the  free  electrons,  which  is  proportional  to 
the  velocity.  Thus  the  equation  of  motion  for  a single  electron  is 


mf 


m^  = -eE 


dt 


+- 


(3.1) 


where  me  and  v is  the  mass  and  the  velocity  of  the  electron  respectively  and  t is  the  time. 
1/t  denotes  the  strength  of  damping  and  can  also  be  interpreted  as  scattering  rate  of 
electrons.  Solving  Eq.  (3.1)  for  the  steady  state  velocity  (i.e.,  dv/dt  = 0 ) of  electrons 


v = — 


r c a 

eE 


Vmey 


(3.2) 


The  current  density  J is  defined  as 


J=  -ne ev 


(3.3) 


Where  ne  is  the  number  density  of  electrons.  Substituting  Eq.  (3.2)  in  to  Eq.  (3.3) 

2 


J = 


ne  e T 
mf 


(3.4) 


The  DC  conductivity  oac  is  defined  by  Ohm’s  law  as 


J = adc  E 


Using  Eq.  (3.4)  and  Eq.  (3.5)  Odcis  given  as 

.2 


(3.5) 


CTdc  _ 


nee  t 

m» 


(3.6) 


The  scattering  rate  (1/x)  is  a basic  parameter  that  determines  the  thermal  and 
electrical  transport  properties  and  optical  behavior  of  the  materials.  It  is  a measure  of  the 
resistance  encountered  by  electrons  as  they  move  in  the  presence  of  the  electric  field.  The 
scattering  rate  is  determined  by  the  probability  of  collisions  between  electrons  and 
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phonons,  impurities,other  electrons,  and  lattice  defects.  At  high  temperatures  electron 
scattering  due  to  phonons  is  the  dominant  process.  At  low  temperatures,  electron 
scattering  is  mainly  caused  by  the  presence  of  impurities  or  lattice  imperfections.  Similar 
temperature  dependency  is  also  expected  for  the  resistivity  (l/aac)  as  it  is  directly 
proportionate  to  the  scattering  rate. 


Frequency  Dependent  Electrical  Conductivity 

Instead  of  a stationary  dc  field,  if  a harmonically  varying  electric  field  of 
E = E0Woot  where  frequency  ©,  acts  on  the  conductor,  free  electrons  are  accelerated 
periodically  in  the  backward  and  forward  directions  as  E reverses  its  sign  on  every  cycle. 
This  effect  may  be  taken  into  force  balance  equation  (3.1)  by  substituting  E = E0  e 


m. 


dv  me  v 

+ — A_: 

dt  x 


- e E q e 


-i  co  t 


(3.7) 


Assuming  the  harmonically  varying  velocity  of  electrons  v as  v = v0  e 1011  and  solving  for 


velocity  vc 


v0 


- eE  x 
me  l-i©x 


(3.8) 


Using  this  expression  for  velocity  in  Eq  (3.3)  and  subsequently  solving  for  conductivity 
results  in  frequency  dependent  conductivity  as 


o(co)  = — 


dc 


1-ifflx 


(3.9) 


When  ©x«l  many  collisions  occur  during  each  cycle  of  the  E field,  and  the 
average  electron  motion  follows  the  oscillations  thus  steady  dc  conductivity  can  be 
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assumed.  For  ot»1,  E oscillates  more  rapidly  than  the  collision  frequency,  the 
conductivity  predominantly  becomes  imaginary,  corresponding  to  a reactive  impedance. 

Dielectric  Functions 

Maxwell's  equations  together  with  the  Ohm's  law  can  be  employed  to  study  the 
electromagnetic  wave  propagation  inside  the  conducting  medium.  The  resultant  wave 
equation  for  electric  field  and  the  wave  vector  are  complex.  Further,  it  can  be  proved  that 
inside  a conductor  the  frequency-dependent  complex  dielectric  function  £(ca)is  related  to 
frequency  dependent  conductivity  by 

e(co)  =£00  •+ — ■ — cj(©)  (310) 

So© 

The  complex  refractive  index  related  to  complex  dielectric  as  e =(n  + i k)~  ; where  n is  the 
real  part  and  k is  the  imaginary  part  of  the  refractive  index,  usually  referred  as  optical 
constants.  These  optical  constants  are  experimentally  determined  by  measuring  the 
transmittance  or  the  reflectance  in  the  specified  frequency  range  and  fitting  data  by 
assuming  suitable  dielectric  models.  The  nature  of  the  radiation  interaction  with  materials 
is  strongly  influenced  by  the  type  of  electrons,  their  motion  to  the  applied  electric  field 
and  the  frequency  of  the  radiation. 

Optical  properties  of  superconductors  change  rapidly  from  the  normal  state  to  the 
superconducting  state.  In  the  normal  state  dielectric  function  is  dominated  by  the  free 
electrons  (Drude  term)  in  the  far-infrared  region  and  by  bound  electrons  (Lorentz  term)  in 
the  mid-infrared  region.  The  dielectric  function  in  the  superconducting  state  is  dominated 
by  the  presence  of  the  superconducting  electrons  also  known  as  Cooper  pairs  that  do  not 
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scattered  by  any  sources.  Thus,  the  dielectric  function  in  the  superconducting  state  is 
modeled  by  two-fluid  model,  which  assumes  that  both  the  normal  and  superconducting 
electrons  dominate  the  optical  characteristic  of  the  superconductor. 


Normal  State 

In  the  normal  state,  the  frequency-dependent  complex  dielectric  function  can  be 
modeled  as  a sum  of  the  Drude  term  (sD™de),  the  Lorentz  term  (eLorentz),  and  a high- 
frequency  constant  (s^  ~ 5 ): 


s(co)  £ Drude  ^SLorentz  (311) 

The  Drude  term  describes  the  electronic  behavior  in  the  infrared  region  by 
assuming  that  free  electrons  are  accelerated  in  the  presence  of  an  electric  field  and  that 
collisions  result  in  a damping  force.  Thus,  the  Drude  term  can  be  expressed  as 

.2 


CO, 


£ Drude 


©(©  + H T) 


(3.12) 


where  © is  the  angular  frequency,  ©P  is  the  plasma  frequency,  and  \/x  is  the  electron 

2 2 

scattering  rate.  The  plasma  frequency  is  defined  as  ©p  = nee  / meSo , where  ne,  e,  and 

me  are  the  electron  number  density,  charge,  and  effective  mass,  and  so  is  the  electric 
permittivity  of  free  space.  The  plasma  frequency,  the  scattering  rate,  and  the  dc  electrical 
conductivity  <3dc  are  related  by 


© 


2 

P 


^dc 

S0T 


(3.13) 


From  Eqs.  (3.12)  and  (3.13),  only  adc  and  1 Ac  are  needed  to  calculate  the  frequency 
dependent  sDrude . 
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The  Lorentz  term  can  be  derived  by  assuming  that  the  electrons  are  bound  to  their 
nuclei  by  harmonic  forces  and  are  subjected  to  damping  forces.  Lorentz  terms  are  also 
commonly  used  to  model  infrared  active  phonons.  The  phonon  contributions,  however, 
can  be  neglected  compared  to  the  electronic  contributions  (Choi  et  al.,  1992).  This 
neglect  is  particularly  valid  in  the  far  infrared  because  the  resonant  frequencies  of  most 
phonons  are  in  the  mid-infrared  region.  For  HTSC  materials,  however,  there  is  a 
broadband  mid-infrared  electronic  absorption,  which  is  typically  modeled  with  a Lorentz 
term  (Tanner  and  Timusk,  1992).  This  contribution  is  therefore  expressed  as 

co  pe 

(314) 

co  g - co  - / coy  e 

where  coPe,  coe  and  ye  are  respectively  the  plasma  frequency,  center  frequency  and 
damping  constant  of  the  mid-infrared  band. 

Superconducting  State 

Many  properties  of  the  superconductors  can  be  explained  in  terms  of  a two-fluid 
model  that  postulates  that  in  the  superconductor  a fluid  of  normal  electrons  coexists  with 
a superconducting  electron  fluid.  These  two  fluids  interpenetrate  but  do  not  interact. 
According  to  the  two-fluid  model,  interaction  between  a pair  of  electrons  and  a phonon 
near  the  neighborhood  of  an  ion  lead  to  formation  of  a electron  pair  also  known  as  a 
Cooper  pairs.  These  Cooper  pairs  can  be  treated  as  a single  boson  particle  which  obey 
Bose-Einstein  statistics  but  do  not  obey  the  Pauli  exclusion  principle,  which  allow 
Cooper  pairs  to  occupy  the  same  state.  The  bound  pair  of  electrons  occupy  the  same  state, 
overlap  with  each  other  because  the  distance  between  pairs  is  much  less  than  the  large 
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size  of  pair.  This  extremely  high  degree  of  overlap  among  pairs  is  such  that  densely 
associated  pairs  can  not  show  independent  motion;  they  are  capable  of  only  collective 
motion  (Goldman  and  Markovic,  1998).  Because  of  the  density  of  Cooper  pairs  is  very 
high,  only  a correspondingly  small  velocity  is  required  for  them  to  generate  a 
considerable  current  (see  Eq  3.3).  This  explains  the  high  current  densities  carried  by  the 
superconductors. 

Other  important  characteristic  of  Cooper  pairs  is  their  high  de  Broglie  wavelength 
X = h/mv,  because  the  velocity  of  Cooper  pairs  is  very  small,  now  X has  macroscopic 

dimension.  This  single  de  Brogli  wavelength  describes  all  of  the  Cooper  pairs  because  all 
of  them  have  same  set  of  dynamic  properties.  This  very  large  de  Broglie  wave  is  basically 
responsible  for  the  ineffectiveness  of  the  scattering.  In  general  a wave  can  be  scattered 
only  when  its  wavelength  is  about  the  same  as  or  smaller  than  the  scattering  source.  The 
very  long  de  Brogli  wave  is  much  larger  than  scattering  sites  such  as  impurities  and  most 
lattice  imperfections  that  affect  normal  electrons.  This  explains  the  absence  of  scattering 
of  Cooper  pairs  and  persistence  of  the  resistanceless  current  (Pollack,  1990). 

In  the  superconducting  state  only  a fraction  of  available  electrons  (fs)  are  assumed 
to  be  in  the  condensed  phase  (or  superconducting  state)  and  the  remaining  electrons  are  in 
the  normal  state.  As  mentioned  above,  the  superconducting  electrons  move  without  any 
scattering,  and  the  value  of  fs  assumed  to  be  temperature  dependent.  The  contribution  of 
the  superconducting  electrons  to  the  dielectric  function  is 

®p  ®p 

£suP  = y + nt5(co)  — 

CO  CO 


(3.15) 
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The  Drude  term  remains  due  to  the  presence  of  normal  electrons  with  a number  density 
of  (1  -fs)ne . The  dielectric  function  in  the  superconducting  state  is  therefore  modeled  as 

E(C0)  - fs8sup  + (1  — fs )e Drude  "^^Lorentz  ^oo  (3.16) 


Radiative  Properties  of  Multilayers 

The  radiative  properties  of  multilayers  can  be  calculated  from  the  prior 
knowledge  of  their  refractive  index  of  the  materials  and  their  thickness.  For  the  number 
of  layers  more  than  two,  the  matrix  method  is  convenient  to  obtain  the  resultant  radiative 
properties  of  the  multilayer  structure.  This  method  is  often  requires  computer  to  handle 
the  matrix  algebra.  The  expressions  for  reflectance,  transmittance  and  absorptance  can 
also  be  derived  by  summing  the  amplitudes  of  successive  reflections  and  refractions.  This 
method  of  amplitude  summation  is  referred  to  as  Airy's  formulas,  and  is  generally  used 
for  freestanding  films  or  for  two  layer  structures.  In  the  following  sections,  the  matrix 
method  and  Airy's  formulas  are  presented  in  detail. 

Matrix  Method 

The  radiative  properties  of  materials  can  be  calculated  from  the  prior  knowledge  of 
their  complex  refractive  indices.  Usually  the  HTSC  thin  films  are  deposited  on  a 
substrate.  In  order  to  avoid  any  lattice  disorientation  and  reaction  between  YBCO  and  Si, 
buffer  layers  are  placed  between  the  film  and  the  Si  substrate.  They  are  in  the  form  of 
thin  layers  adjacent  to  each  other.  The  transfer  matrix  method  is  a convenient  approach 
for  calculating  the  radiative  properties  of  such  layered  structures.  In  this  method,  each 
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layer  is  assumed  homogeneous  and  isotropic.  Further  assumption  is  made  that  the 
radiation  is  essentially  coherent  inside  the  films.  The  boundary  conditions  for  the  electric 
and  magnetic  fields  are  that  the  tangential  component  of  the  electric  field  and  the  normal 
component  of  the  magnetic  field  are  continuous  across  each  interface  (Zhang  and  Flik 


1993). 

For  a layered  structure,  as  shown  in  Fig.  3.1,  regions  1 and  N+l  are  semi-infinite 
media  and  there  are  N-l  layers  and  N interfaces.  In  Fig.  3.1,  A;  and  B/  are  the 
amplitudes  of  the  forward  and  backward  propagating  plane  waves  at  the  interface  and  n / 
is  the  complex  refractive  index  of  the  /h  layer.  From  the  general  solution  of  plane-wave 
equations,  the  electric  field  distribution  can  be  written  as 

£(x)  = Vk,(X'X,)  + B/e_fk,(x-x,)  / = 1,2,..., N + l (3.17) 

where  XN+i  is  set  equal  to  XN  since  there  are  only  N interfaces  and  k,  =(n/co/co)cos0/  is 
the  wave  vector,  c0  is  the  speed  of  light  in  vacuum,  and  0/  is  the  (complex)  angle  of 
propagation.  By  applying  the  boundary  conditions,  the  electric  field  amplitudes  are 
related  by 


A/ 
B / 


= D7'D/tlP,+1 


A 

B 


/+l 

? 

/+!. 


/ = 1, 2,  ...,N 


(3.18) 


where  the  dynamical  matrix  D / is  given  as 


D, 


1 1 
n/cos(0))  - n^cos  (0j) 


for  s wave 


D,  = 


cos(0j)  COS  ( 0) ) 


for  p wave 


(3.19) 


and  D[ 1 is  the  inverse  of  D/.  The  propagation  matrix  P / is  given  as 


24 


-ikrfxi-x,,,) 


P;  = 


0 

iki(x,- xi_i) 


(3.20) 


Equation  (3.18)  can  be  rewritten  as 
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, j = l,2,...,N 


(3.21) 


where 


MJ 

1V111 


M 


12 


Mji  M22 


N 
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(3.22) 


If  the  radiation  is  incident  from  medium  1,  the  electric  field  reflection  and  transmission 
coefficients  are  given  as 


_ B]  _ M2] 


Ai  M,\ 


t = 


LN+1 


1 


Ai  M/j 

The  power  reflectance  and  transmittance  are 


(3.23) 


(3.24) 
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and  T = 


M, 


(3.25) 


In  Eq.  (3.25),  it  is  assumed  that  nN+i  = nj.  Finally,  the  absorptance,  A,  is  calculated  from 
the  energy  balance  as 

A = l-R-T  (3.26) 


Airy's  Formulae 

In  this  method,  an  unit  intensity  is  assumed  incident  on  a thin  film  structure,  part 
of  it  is  reflected  and  part  of  it  is  transmitted.  By  tracing  the  reflected  and  refracted  energy, 
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the  total  reflected  energy  (reflectance),  transmitted  energy  (transmittance)  and  absorbed 
energy  (absorptance)  can  be  calculated.  This  method  often  referred  to  as  ray-tracing 
method  (Siegel  and  Howell,  1992). 

Consider  a beam  is  incident  from  the  left  (see  Fig.  3.2).  The  incident  beam  is 
partially  reflected  and  partially  transmitted  at  the  interface.  The  transmitted  part  is 
subsequently  reflected  back  and  forth  between  the  two  interfaces  as  shown.  The 
reflection  and  transmitted  coefficients  can  be  obtained  by  adding  the  amplitudes  of  the 
successive  reflected  and  transmitted  rays.  Taking  the  phase  differences  — 27tNd/ A, 
introduced  by  the  thickness  of  the  film  into  account  and  adding  the  amplitudes  of  the 
reflected  rays,  we  obtain  the  reflection  coefficient  (r) 

r = r12  +t12  t21  r23exp(2i8  ) + t12 121  r23  r21  r23  exp(2i8 ) + 

_ r12  +r23  exp(2i§)  (3  21) 

1 +rl2  r23  exp(2i8) 


are  the  complex  Fresnel  coefficients  of  reflection  and  transmission  for  normal  incidence 
and  N;  = n,  + /k,  is  the  complex  refractive  index  of  the  /th  medium.  Also  note  that  while 
deriving  Eq.  (3.27)  the  principle  of  reversibility  (ty  tjj -rtJ  r^  =1 ) has  been  used. 

Similarly,  the  transmission  coefficient  (t)  is  obtained  as 


where 


(3.28) 


t]2  t23  exp(iS)  1 + r21  r23  exp(2i5)+  (r23  r21  exp(2i5))2  + 


1 12  f 23  exp(i5) 


(3.29) 


1 +r12  r23  exp(2i5) 


The  power  reflectance  and  transmittance  are  obtained  as 
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R = 


2 


and 


(3.30) 


Two-Layer  Structure 

The  above  discussion  can  be  extended  to  a two-layered  structure  consisting  of  a 
thin  fdm  on  a thin  substrate.  The  simplified  Airy's  formulae  for  computing  the  reflectance 
and  the  transmittance  can  be  derived  by  tracing  the  reflection  and  transmission 
amplitudes  at  each  interface.  Let  df  and  ds  be  the  thickness  of  the  film  and  substrate, 
respectively  and  Nj  = nj  + /kj  as  the  complex  refractive  index  of  air  (j  = 0),  film  (j  = f)  and 


substrate  (j  = s).  The  transmittance  (T),  reflectance  form  the  film  side  (Rf)  and  the 
reflectance  from  the  substrate  side  (Rs)  are 


Rf  = 


rof  +rsexp(i28f) 

l-rforsexp(i28  f) 


(3.31) 


Rs  = 


ros  + rbexp(i2S  s) 
l-rbrsoexP(i28s) 


(3.32) 


tatsoexp(i28s) 

1 “ rbrsoexP028  s) 


(3.33) 


where 

= rsf  +rfoexP(i2Sf) 
fb  l-rforfsexp(i28f) 


(3.34) 


is  the  ratio  of  the  transmitted  to  incident  electric  field  at  the  substrate-film  interface, 


rfs  +rsoexp(i28  s) 


1 - rsfrsoexP(i28  s) 


(3.35) 
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is  the  ratio  of  the  reflected  to  incident  electric  field  at  film-substrate  interference 
including  and  absorption  effects  in  the  substrate,  and 


toftfsexP(l2af) 
l-rfbrfsexP(l28  f) 


(3.36) 


is  the  ratio  of  the  transmitted  to  the  incident  electric  field  and  8f -2riNfdf /A.  and 
6S  =27tNsds/A,are  the  complex  phase  change  in  the  film  and  the  substrate  respectively. 


Admittance  Method 

Very  thin  metallic  films  deposited  on  dielectric  substrates  generally  are  used  in 
electronic  and  optical  industries.  Spectroscopic  studies  on  these  films  especially  in  the 
far-infrared  region  provide  a means  to  obtain  the  dc  conductivity  of  the  films.  Consider  a 
thin  metallic  film  of  thickness  df « K wavelength  of  the  far-infrared  radiation,  deposited 
on  a dielectric  substrate  of  refractive  index  Ni,  as  shown  on  Fig.  3.3.  The  transmittance 
through,  Tia,  and  reflectance  from,  Rn,  at  the  interface  for  radiation  incident  on  the 
substrate  side  can  be  approximated  as  (Gao  et  al.,  1996) 


Ti2=- 


4N, 


|N)  + 1 + y| 


Rl2  - 


N!-i-y 
Nj  + 1 + y 


2 


(3.37) 


(3.38) 


where  y is  the  complex  admittance  of  the  metallic  film.  In  the  very  far-infrared  region, 
the  sheet  admittance  (McKnight  et  al.,1987;  Kumar  et  al.,  1999c) 


y ~ odcdf  /c0s0 


(3.39) 
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Hence,  from  the  measured  far-infrared  reflectance  or  transmittance  the  value  of  dc 
conductivity  c?dc  can  be  obtained.  Equation  (3.38)  shows  that  if  y = N]  — 1 the  interface  is 
impedance  matched  and  the  power  reflectance  Rn  will  be  zero.  Since  y is  positive  this 
can  happen  when  Ni>N2,  i.e.,  propagation  from  a dense  more  dense  to  a less  dense 
optical  media.  A coating  having  a suitable  admittance  value  will  eliminate  the  back 
surface  reflectivity  and  therefore,  the  interference  fringes  within  the  dielectric  slab. 


Two  Effective  Surface  Interface  Method 

In  practical  design  of  multilayers  it  is  useful  to  assess  the  contribution  of  one 
particular  film  this  can  be  done  by  two  effective  interface  method.  Consider  the 
multilayer  arrangement  shown  in  Fig.  3.4  with  two  adjacent  surfaces  M and  N.  All  the 
surfaces  to  the  left  of  M and  including  M may  be  considered  as  system  1 and  represented 

by  qVf  ,tfandtj\  similarly  system  2 comprising  surfaces  to  the  right  of  N and 
including  N,  is  represented  by  ^rjAjandtj  The  amplitude  of  the  transmitted  light  is 
same  as  given  by  Eq  (3.29) 

t+  t-  p'V 

1 = 1 2 ,.  (341) 

1 + rf  r2+  e211*1 

In  this  expression  \\i  = (j)M  + where  4>m  and  (()n  are  the  phase  change  upon  reflection  at 
surfaces  M and  N (Vaughan,  1988).  The  corresponding  transmitted  intensity  It  is  found 
from  square  modulus  i.e., 


(3.42) 


It 


2 

1 + 

rl  r2+ 

-2 

rf  r2+ 

COS\|/ 

= 

(I  + RjR-2  -2>/R1R2  cosv|/) 

here  Ti,T2.Ri.and  R2  are  the  intensity  reflection  and  transmission  coefficients.  The  above 
expression  provides  a means  to  examine  the  effect  of  a single  layer  on  the  total 
transmittance  of  the  multilayer  structure.  Similarly,  the  effect  of  the  single  layer  can  also 
be  studied  on  the  total  reflectance  of  the  structure  through  the  expression 

x ^RiRz^-^cosy)  (3  43) 

R 1 + RjR2  - 2^Jr1K2  cosV 

The  two-effective  layer  method  helps  in  identifying  the  effect  of  a single  layer  on  the 
total  transmittance  and  reflectance  of  the  multilayer  structure. 
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Figure  3.1  A multilayer  structure 
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Figure  3.2  Airy  summation 
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Figure  3.3  Thin  metallic  film  on  a dielectric  substrate 
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Figure  3.4  Representation  of  a multilayer  system  by  two  effective  interfaces 


CHAPTER  4 
EXPERIMENTS 


This  chapter  describes  the  spectroscopic  equipment,  measurement  techniques  and 
the  YBCO  film  preparation  method.  The  spectra  were  measured  using  the  Michelson 
interferometer  and  the  Bruker  interferometer.  An  introductory  theory  on  the 
interferometry  and  the  details  of  the  spectroscopic  equipment  used  in  the  present  study 
are  described  followed  by  the  transmittance  and  reflectance  measurement  techniques. 
Sample  films  were  prepared  by  the  pulsed  laser  ablation  method.  The  deposition  process 
and  the  choice  of  the  substrate  play  an  important  role  for  growing  good  quality  films.  In 
the  second  part  of  the  chapter,  the  substrate  requirements  for  growing  a good  quality  film 
are  emphasized.  Later  the  laser  ablation  technique  and  the  film  preparation  method  are 
described. 


Far-Infrared  Measurements 

The  frequency  of  the  radiation  was  measured  in  wave  numbers  (reciprocal  of 
wavelength)  through  out  this  work.  A typical  infrared  experiment  used  in  this  study  is 
illustrated  schematically  in  Fig  4.1.  Radiation  from  the  source  passes  to  the  modulator 
where  its  amplitude  is  modulated  periodically  in  time.  The  frequency  adopted  for  the 
modulation  is  as  high  as  possible  but  not  to  be  so  high  that  the  detector  is  unable  to 
respond  (Chantry,  1984).  The  modulated  radiation  is  then  passed  into  the  radiation 
processor,  which  consists  of  interferometer  and  the  sample  film.  The  radiation,  which  has 
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interacted  with  thesample  film  heads  toward  the  bolometer  detector.  The  detector  signal 
further  is  amplified  with  the  help  of  an  amplifier.  The  lock— in  device  receiving  the 
reference  signals  from  the  modulator  will  amplify  only  those  detector  signals  that  are  in 
coherence  with  the  reference  signals.  This  procedure  eliminates  the  background  noise  in 
the  detector  output  signal.  The  output  signal  from  the  lock-in  device  is  in  analogue  form, 
and  is  converted  in  to  digital  signal  with  the  help  of  A/D  converter  and  finally  a personal 
computer  is  used  to  acquire  this  digital  information. 

Interferometry 

The  spectrometers  used  in  this  study  are  a slow-scan  Michelson  interferometer  in 
the  region  10  to  100  cm  1 and  a Bruker  Fourier  transform  interferometer  (FT-IR)  in  the 
region  14  to  600  cm-1.  Interferometry  that  uses  the  entire  radiation  power  at  all 
frequencies  is  much  superior  than  the  grating  spectrometer  which  uses  only  limited 
radiation  available  in  the  region  of  measurements.  This  is  especially  an  important  factor 
when  measuring  in  the  far-infrared  region  due  to  the  fact  that  all  thermal  sources  show 
energy  starvation  at  low  frequencies  (which  can  be  verified  from  the  Plank  law  for 
spectral  distribution  of  a black  body  radiation). 

Interference  between  the  two  light  beams  coming  from  a single  source,  can  be 
produced  by  introducing  a path  difference  between  these  two  beams.  This  mechanism  is 
used  by  Michelson  interferometer  to  produce  an  interferogram.  Schematic  representation 
of  Michelson  interferometer  is  shown  in  Fig.  4.2.  A semi-reflecting  beam  splitter  B 
divides  radiation  from  the  source  S,  into  two  parts  of  equal  intensity.  These  two  beams 
are  reflected  by  a stationary  mirror  Mj  and  a moving  mirror  M2  and  are  then  recombined 
to  enter  the  detector  D.  The  movement  of  the  mirror  M2  introduces  path  difference 
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between  the  two  beams.  If  the  mirror  is  moved  at  a constant  velocity,  the  signal  at  the 
detector  will  be  seen  to  vary  sinusoidally,  with  a maximum  is  being  registered  each  time 
when  the  path  difference  is  a multiple  integral  of  wavelength.  Assuming  the  two  beams 
have  an  equal  intensity  0.5  I(v),  the  intensity  of  the  beam  reaching  detector  is  (Griffiths 
and  de  Haseth,  1986) 

I(x)  = 0.5I(v)  [l  + cos(27ivx)]  (4.1) 

Here  x = 2ut  is  the  retardation  that  equals  to  the  path  difference  between  the 
beams  travelling  to  and  from  the  mirror,  u the  mirror  velocity  and  t the  time.  I(x)  called 
as  the  interferogram,  contains  the  information  about  frequency  and  path  difference.  For  a 
polychromatic  source  emitting  a continuous  spectrum  from  to  = 0 to  © = oo  above 
equation  must  be  integrated  to  obtain  the  total  intensity  given  as 

QO  00 

I(x)=  |0.5I(v)dv  + |0.5I(v)cos(27tvx)d©  (4.2) 

o o 

It  can  be  observed  that  interferogram  I(x)  is  composed  of  a constant  (dc)  component  and 
a modulated  (ac)  component  correspond  to  the  first  term  and  the  second  term  in  Eq.  4.2. 
The  dc  component  is  nothing  but  a constant  that  equal  to  half  of  the  total  intensity  emitted 
from  the  source  (can  be  verified  by  making  x = 0).  Thus  the  Eq.  4.2  is  reduced  to 

00 

I(x)  = const  + |0.5I(v)cos(27tvx)dv  (4.3) 

o 

in  Equation.  4.3,  it  can  be  said  that  I(v)  is  a cosine  Fourier  transform  of  I(x)  therefore  the 
spectrum  I(v)  can  calculated  by  computing  the  inverse  Fourier  transform  of  I(x)  given  as 

00 

I(v)=2  J I(x)cos(2  7rvx)dx 

o 


(4.4) 
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In  practice,  the  obtained  interferogram  (Eq.  4.3)  may  need  to  be  modified  by 
taking  into  account  of  the  beam  splitter  efficiency,  detector  response  and  the  amplifier 
characteristics. 

The  Bruker  Interferometer 

Reflectance  was  measured  using  an  IBM-Bruker  fast-scan  spectrometer.  The 
frequency  covered  was  in  the  range  of  14  to  600  cm-1.  As  illustrated  in  Fig. 4. 3.,  the 
system  is  divided  into  four  chambers:  source,  interferometer,  sample  and  detector.  A Hg 
arc  lamp  is  used  for  measured  far-infrared  purpose.  The  sample  chamber  consists  of  two 
identical  channels  which  can  used  for  reflectance  and  transmittance  measurements.  For 
reflectance  measurements,  the  optical  stage  shown  in  top  part  of  Fig. 4. 3.,  is  placed  into 
the  chamber.  The  entire  system  is  evacuated  to  avoid  H20  and  C02  absorption  during 
measurements.  Light  for  the  source  is  focused  onto  the  beam  splitter  and  is  then  divided 
into  two  components  one  reflected  and  other  transmitted.  Each  beam  is  imaged  onto  the 
faces  of  a movable  two-sided  mirror.  These  two  beams  retrace  their  route  back  to  the 
beam  splitter  for  recombination.  The  recombined  beam  is  sent  into  the  sample  chamber 
and  then  into  the  detector.  Because  of  the  two-sided  mirror  the  path  difference  x = 4 u t is 
introduced,  where  t is  the  time  since  the  mirror  is  at  the  zero-path  difference  position,  u is 
the  mirror  velocity.  The  optical  frequency  v that  is  reaching  the  detector  is  amplified  by  a 
wide-band  audio  amplifier  and  then  digitized  by  a 16-bit  analog  to  digital  converter.  The 
digital  acquired  by  the  computer  is  Fourier  transformed  into  a single-beam  spectrum  after 
necessary  corrections  such  as  apodization  and  phase  corrections. 


38 


The  Slow-scan  Michelson  Interferometer 

Transmittance  was  measured  with  a slow  scan  Michelson  interferometer.  In 
comparison  with  the  Bruker,  it  has  a better  signal  to  noise  ratio  at  low  frequencies  due  to 
larger  and  brighter  mercury  source.  As  shown  in  Fig.4.4  the  light  is  modulated  by  a 
rotating  aluminum  chopper.  In  order  to  allow  lock-in  detection,  the  chopper  also 
modulates  the  light  falling  on  a photodiode  from  a small  LED  and  the  photodiode  output 
serves  as  the  reference  signal.  A mylar  beam  splitter  in  combination  with  optical  filters 
was  used  to  measure  the  spectra  in  range  from  10  to  100  cm-1.  The  movable  mirror  is 
mounted  on  a 20-cm  comparator  screw  that  permits  in  principle  a resolution  of  0.025 
cm-1.  The  screw  is  driven  by  a stepping  motor  and  the  step  size  determines  the  resolution. 
The  stepping  motor  activated  by  a preset  indexer  that  may  be  set  to  advance  the  stepping 
motor  the  appropriate  number  of  steps  whenever  it  receives  the  triggering  signal.  In  order 
to  avoid  the  absorption  by  the  atmospheric  gases  the  entire  interferometer  system  was 
evacuated  during  the  measurements. 

Bolometer 

For  operation  in  the  far  infrared  where  photon  energies  are  very  low  a detector  of 
high  sensitivity  and  signal-to-noise  ratio  is  needed  to  measure  the  signal.  One  kind  of 
detector  with  adequate  sensitivity  is  He-cooled  bolometer.  The  heating  effect  of  absorbed 
radiation  causes  change  in  the  resistance  of  the  detector  element  at  low  temperatures. 
This  change  in  resistance  is  calibrated  in  terms  of  incident  radiation.  The  bolometer  used 
in  this  work  employs  Si  as  the  detector  element.  The  bolometer  system  consists  three 
main  parts:  detector  element,  liquid  helium  dewar,  and  preamplifier.  Figure  4.5  illustrates 
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a sketch  of  bolometer.  A thermal  radiation  shield  is  placed  helium  can  and  case  to  reduce 
the  heat  load  on  the  cold  area.  The  optical  signal  is  guided  by  an  optical  pipe  through  a 
polythene  window  and  optical  filters  before  it  arrives  at  the  detector  element.  The  output 
signal  is  amplified  and  then  further  processed. 

Transmittance  and  Reflectance  Measurements 

The  transmittance  and  reflectance  of  films  were  measured  at  temperatures  10,  50, 
100,  and  200,  and  300  K.  The  cooling  system  consists  of  cryostat,  transfer  line  and 
helium  supply  dewar.  Figure  4.6  shows  the  liquid-He  flow  diagram  during  the 
experiments.  The  sample  film  temperature  can  be  varied  with  the  controlled  flow  of 
liquid  helium  in  combination  of  an  external  heater.  The  sample  holder  used  for  the 
transmittance  measurements  is  shown  in  Fig.  4.7.  Two  identical  copper  plates  with 
equally  sized  apertures  (»6  mm  in  diameter)  were  mounted  at  a right  angle  on  the  sample 
holder;  One  aperture  is  covered  by  the  specimen  and  the  other  is  left  blank  for  the 
reference  measurement.  As  shown  in  the  Fig.  4.7.  slightly  curved  beryllium  copper  strips 
(2  mm  wide,  0.2  mm  thick,  and  5 mm  long),  fastened  with  screw  on  the  corners  of  one 
plate,  acted  like  springs  (due  to  their  high  elasticity)  to  hold  the  film  to  the  copper  plate. 

Schematic  of  the  cryostat  is  shown  in  Fig.  4.6.  It  has  an  exhaust  gas  heater, 
exhaust  gas  port,  vacuum  pump  out  port,  second  cold  stage  to  which  the  radiation  shield 
is  attached  and  the  first  cold  stage  (the  cold  finger).  The  sample  holder  is  mounted  on  the 
cold  finger  of  the  cryostat.  The  cold  finger  is  kept  in  high  vacuum  and  cooled  by  flowing 
liquid  He  at  4.2  K,  which  results  in  conductive  cooling  of  the  specimen.  A diffusion 
pump  is  used  in  order  to  achieve  a vacuum  of  1(T2  Pa  inside  the  cryostat  before  cooling; 
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the  actual  pressure  should  be  much  lower  due  to  cryopumping.  The  specimen  temperature 
was  measured  using  a Si  diode.  An  automatic  temperature  controller  was  used  to  adjust 
the  temperature  of  the  specimen  using  a proportional-integral-derivative  (PID)  control 
scheme  and  an  electric  heater  wrapped  around  the  cold  finger.  The  temperature  variation 
was  within  0.5  K of  the  set  temperature  for  measurements  above  100  K.  During  the 
measurements  at  10  K and  50  K,  the  variation  of  temperature  was  about  1 K from  the  set 
temperature. 

The  cryostat,  along  with  the  sample  holder,  is  introduced  vertically  into  the 
interferometer  chamber.  The  cryostat  can  be  rotated  so  that  either  the  blank  aperture  or 
the  specimen  is  in  the  beam  path  of  the  far-infrared  radiation.  For  the  transmittance 
measurement,  the  spectrum  obtained  with  the  blank  is  taken  as  the  background  spectrum. 
The  cryostat  is  then  rotated  by  90°  to  introduce  the  specimen  in  the  beam  path.  The  exact 
position  of  the  cryostat  for  the  blank  aperture  or  for  the  specimen  is  determined  by  gently 
rotating  the  cryostat  until  the  signal  is  maximum.  The  transmitted  spectrum  of  the 
specimen  is  divided  by  the  background  spectrum  to  obtain  the  transmittance.  The  spectral 
resolution  is  approximately  0.5  cm-1. 

The  reflectance  was  measured  using  Bruker  Fourier  transform  spectrometer.  The 
spectrum  is  averaged  over  128  scans  and  the  resolution  is  «1  cm-1.  A schematic  of 
reflectance  measurement  arrangement  is  shown  in  Fig.  4.8.  Here,  the  far-infrared  beam  is 
directed  to  either  the  specimen  or  a Au  mirror  by  a combination  of  plane  and  elliptical 
mirrors.  The  angle  of  incidence  in  the  reflectance  measurement  is  «7.5°  with  a beam 
divergence  of  7.5°.  The  Au  mirror  is  used  as  the  reference  for  the  reflectance 
measurements  at  all  temperatures.  In  the  far-infrared  region,  the  reflectance  of  the  gold  is 
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greater  than  0.995  at  room  temperature  and  increases  at  lower  temperatures.  Hence,  the 
reflectivity  of  the  Au  mirror  is  taken  to  be  1.  During  experiments  sometimes  it  was 
observed  that  the  optical  alignment  suffers  after  insertion  of  heavy  transfer  tube.  All  the 
room  temperature  measurements  with  transfer  tube  and  without  the  transfer  tube,  in  the 
cryostat,  were  compared.  This  provided  a means  to  examine  the  alignment. 

YBCO  Films  on  Silicon 

Among  all  the  high  temperature  superconducting  materials,  YBCO  has  received 
most  of  the  attention.  Initially,  YBCO  films  with  high  values  of  critical  temperature  (Tc), 
narrow  transition  widths  and  very  high  values  of  critical  current  density  (Jc)  have  been 
made  only  on  a few  single  crystal  substrates.  YBCO  films  having  Tc  equal  to  90  K and  Jc 
exceeding  106  A cm  2 have  been  made  on  single  crystal  substrates  of  MgO  and  SrTi03  by 
various  techniques  such  as  coevaporation,  sputtering,  chemical  vapor  deposition  and  laser 
ablation  method  (Mogro-Campero,  1989).  However,  there  is  a need  to  produce  high 
quality  films  on  Si,  the  primary  material  for  electronics.  Silicon  is  cheap,  available  and 
integrable  substrate  and  nonabsorbing  in  the  infrared  region  thus  making  it  an  ideal 
substrate  for  some  of  the  conceived  infrared  applications  of  HTSC  films. 

The  HTSC  materials  have  complex  crystalline  structure.  A schematic  of  the 
YBCO  crystal  structure  is  shown  in  Fig.  4.9.  The  02  content  in  the  YBCO  is  very  critical 
parameter  while  determining  the  properties  of  the  film  as  it  determines  the  free  carriers  in 
the  YBCO  material.  Choi  et  al.  (1992)  presented  the  radiative  properties  of  the 
YBa2Cu307_6  films  with  varying  02  content.  The  material  with  high  02  content  (8  = 0) 
has  metallic  optical  behavior  and  the  one  with  low  02  content  (5=1)  has  dielectric 
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behavior.  Many  researchers  investigated  this  feature  and  concluded  that  for  obtaining 
high  critical  temperatures  (i.e.,  the  optimum  doping)  5 should  be  between  0.2  to  0.6  (Choi 
et  al.,  1992).  The  YBCO  films  need  to  be  preserved  in  vacuum  as  any  exposure  to  the 
atmosphere  may  alter  the  O2  content  and  subsequently  the  material  may  loose  its 
superconducting  characteristics. 

Also  shown  in  the  Fig.  4.9  are  the  coordinates  of  the  crystalline  structure.  The 
HTSC  materials  are  anisotropic  in  nature  with  Jc  much  higher  in  the  direction 
perpendicular  to  the  c-axis  of  the  crystal  (i.e.,  in  the  a-b  plane)  than  along  the  c-axis.  This 
anisotropy  explains  that  in  order  make  films  with  the  highest  values  of  Je  they  should 
have  c-axis  aligned  perpendicular  to  the  plane  of  the  substrate.  Thus,  for  the  highest 
values  of  Jc,  highly  aligned  or  epitaxial  films  are  desired.  Such  films  have  been  made  on 
single  crystal  MgO  and  SrTiC>3.  Same  results  are  also  obtained  on  Si  using  epitaxial 
buffer  layers  (Aguiar  et  al.,  1994). 

The  main  problem  with  using  Si  as  substrate  is  the  chemical  interaction  and 
interdiffusion  between  the  film  and  the  substrate,  which  occurs  during  the  annealing. 
Attempts  to  grow  high  quality  YBCO  films  on  a bare  Si  substrate  have  met  with  little 
success  because  of  the  surface  oxide  formation  on  Si  that  prevents  epitaxial  growth  of  the 
film.  To  minimize  this  film/substrate  interaction  one  alternative  is  to  place  epitaxial 
buffer  layers  in  between  the  film  and  the  substrate.  Other  alternatives  include  growing 
very  thick  films  that  enables  to  move  away  from  the  interface  region  and  to  minimize  the 
time  required  for  thermal  treatment  process  by  developing  a rapid  thermal  annealing 
technique. 
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Film  Preparation 

In  the  current  work,  laser  ablation  method  was  used  for  the  sample  films 
deposition.  In  a laser  ablation  system,  the  raw  material  required  for  the  film  deposition  is 
hold  in  a target  and  there  are  multi  targets  with  a provision  to  rotate  the  target  holder. 
This  enables  one  to  make  films  of  multicomponent  materials.  During  the  film  deposition 
process,  a high-power  laser  hits  the  target  material  and  evaporates  it  forming  a plume  of 
evaporated  material.  The  plume  travels  toward  the  substrate  and  deposited  on  to  it.  The 
whole  process  takes  place  inside  a chamber  with  a controlled  O2  atmosphere,  and  with  a 
window  for  the  laser  pulse  from  an  external  source  (Boyce  et  al.,  1989). 

Sample  films  were  prepared  at  National  Institute  of  Standards  and  Technology 
(NIST)  facility.  The  YBCO  films  were  deposited  by  pulsed  laser  ablation  using  an 
excimer  laser  operated  at  a wavelength  of  248  nm.  A single-crystal  (100)  Si  wafer, 
polished  on  both  sides  with  a thickness  of  approximately  200  pm  and  a diameter  of  76 
mm,  was  used  as  the  substrate.  The  wafer  is  slightly  boron-doped  and  has  an  electric 
resistivity  of  «1000  Q-cm.  The  Si  wafer  was  cut  into  approximately  12x12  mm  pieces 
for  the  deposition  of  the  YBCO.  Ag  paste  was  used  to  mount  the  substrate  onto  a 
substrate  holder  in  the  deposition  chamber.  At  high  temperatures,  Ag  may  diffuse  into  the 
Si  substrate.  Therefore,  a 320  nm  thick  Si02  layer  was  deposited  by  chemical  vapor 
deposition  (CVD)  on  the  backside  of  the  Si  substrate  before  the  application  of  the  Ag 
paste.  The  substrate  was  heated  to  1063  K for  the  deposition  of  a 20  nm  thick  YSZ  layer 
and  then  a 10  nm  thick  Ce02  layer  on  the  Si  substrate.  A YBCO  film  of  35  nm  was 
deposited  on  the  top  of  the  buffer  layers  at  1043  K in  an  optimized  O2  environment  (Rice 
et  al.,  1994).  The  thicknesses  of  the  thin  films  were  determined  by  calibrations  of  the  rate 
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of  deposition.  The  YBCO  films  formed  this  way  are  a-b  plane  oriented  (c-axis  is  parallel 
to  the  surface  normal)  with  a critical  temperature  ( Tc ) between  86  and  88  K. 

Several  steps  are  followed  to  remove  the  Ag  paste  and  the  Si02  layer.  First,  the 
YBCO  film  was  covered  by  a photoresist.  Second,  nitric  acid  (HNO3)  was  used  to 
remove  Ag  paste  and  then  hydrofluoric  acid  (HF)  was  used  to  etch  off  the  Si02  layer. 
Third,  the  photoresist  was  removed  using  acetone.  Finally,  the  film  is  rinsed  with 
isopropanol.  The  structure  of  the  film  is  shown  in  Fig.  4.10.  Some  damage  to  the  film 
may  have  taken  place  during  this  stripping  process  since  the  critical  temperature  of 
several  films  dropped  to  80  to  82  K after  the  removal  of  the  photoresist.  However, 
scanning  electron  microscopic  (SEM)  images  showed  no  evidence  for  microcracks  or 
other  surface  damage. 

The  precise  control  over  the  uniform  film  thickness  is  much  needed  especially 
when  the  film  is  used  for  optical  studies.  At  the  NIST  facility,  it  was  observed  that  film 
thickness  vary  by  ± 20  nm  over  1 cm  for  a film  of  200  nm  thickness.  This  corresponds  to 
a 10  percent  variation  in  the  film  thickness.  The  thickness  variation  is  determined  by 
patterning,  etching  and  profilometer  measurement.  During  the  deposition  process  the 
shape  of  the  plume  that  is  reaching  the  substrate  is  not  uniform.  The  film  thickness 
distribution  falls  off  toward  the  edges  in  approximately  gaussian  distribution  due  to  the 
variations  in  the  plume  shape.  The  geometry  of  the  plume  center  region  is  used  for  the 
film  growth  calculations.  During  the  spectroscopic  measurements  on  the  films  of  area  12 
x 12  mm  , only  the  central  most  area  equivalent  to  a 6-mm  dia  circle  is  exposed  to  the 
probing  infrared  beam.  This  ensures  that  the  effect  of  the  film  thickness  variation  to  be 


minimum  on  the  obtained  transmittance  and  reflectance. 
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Figure  4. 1 Experimental  arrangement  for  infrared  measurements 
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Figure  4.2.  Schematic  diagram  of  Michelson  interferometer 
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Figure  4.3  Schematic  of  the  IBM-IR/98  BRUKER  interferometer 
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Figure  4.4  Michelson  interferometer  used  in  this  work 
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Figure  4.5  Schematic  of  the  Bolometer  detector  (all  dimensions  are  in  inches) 
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Figure  4.6  Liquid-He  flow  during  the  low  temperature  measurements 
(not  to  the  scale) 
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Figure  4.7  Schematic  of  the  sample  holder 
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Cryostat 


Figure  4.8  Schematic  of  the  reflectance  measurement  arrangement 
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Figure  4.10  Structure  of  the  film-substrate  composite 
(the  lateral  dimensions  are  *12x12  mm2) 


CHAPTER  5 

TRANSMITTANCE  AND  REFLECTANCE 


This  chapter  presents  the  measured  transmittance  and  reflectance  spectra  of  the 
YBCO  films.  The  transmittance  was  measured  over  the  frequency  range  10  to  100  cm-1 
and  the  reflectance  was  measured  over  the  range  20  to  640  cm-1  at  temperatures  10,  50, 
100,  and  200,  and  300  K.  The  thickness  of  the  YBCO  film  is  ~ 35  nm  so  the  film  was 
transparent  enough  that  the  interference  features  associated  with  the  Si  substrate  were 
seen  in  the  measured  transmittance  and  reflectance  spectra.  Consequently,  the  measured 
results  were  analyzed  assuming  the  film-substrate  composite  is  a thin  film  on  a thin 
substrate.  The  dielectric  function  of  YBCO  material  was  modeled  by  using  the 
Drude-Lorentz  model  in  the  normal  state,  and  the  two-fluid  model  in  the 
superconducting  state.  Details  of  computing  the  transmittance  and  reflectance  of  film- 
substrate  composite  are  given  in  the  chapter  3.  Analyzed  results  include  the  fitted  spectra, 
calculated  dielectric  function  of  YBCO  and  discussions  on  the  antireflection  and 
resonance  effects. 

Low  temperature  measurements  were  also  carried  on  a Si  plate  that  was  similar  to 
those  served  as  the  substrate  for  the  deposition  of  the  YBCO  films.  Measurements  on  Si 
were  done  in  order  to  study  the  effect  of  temperature  on  its  refractive  index.  On  several 
occasions,  the  measurements  on  Si  served  as  a tool  to  cross  check  the  alignment  of  the 
spectrometers.  Before  presenting  results  on  the  YBCO  films,  some  measurements  and 
analysis  on  the  Si  are  presented. 
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Measurements  of  a Si  Substrate 

The  transmittance  and  reflectance  of  the  Si  substrates  were  measured  at  different 
temperatures  to  evaluate  the  refractive  index  and  measurement  uncertainty.  The  refractive 
index  of  single-crystal  Si  has  been  well  documented.  The  use  of  the  high-resistivity 
single-crystal  Si  has  essentially  eliminated  absorption  in  the  substrate.  The  measured 
transmittance  at  10,  100  and  300  K is  presented  in  Fig.  5.1.  The  measured  transmittance 
shows  interference  patterns  with  Tmax  about  1,  Tmin  about  0.3,  and  a free  spectral  range 
Aq  (the  frequency  interval  between  two  interference  maxima)  about  7 cm-1.  Even  a 
small  variation  in  the  substrate  thickness  (dSl)  or  its  refractive  index  (nSi)  can  affect  A©  , 

since  Aa  = (2nS]dsi)  1 . The  Si  thickness  is  determined  from  the  free  spectral  range  by 
assuming  that  ns,  = 3.42  at  frequencies  from  10  to  100  cm-1  (Loewenstein  et  al.,  1973). 

The  actual  angles  of  incidence  in  the  transmittance  measurement  have  a spread  up 
to  18°  as  a result  of  the  beam  divergence  in  the  light  pipe.  The  effect  of  inclined 
incidence  on  Aa  (and  hence  dsi)  is  less  than  0.5  percent  since  the  angle  of  refraction 
inside  the  silicon  is  small.  The  transmittance  extrema  shift  toward  higher  frequencies  as 
the  temperature  decreases,  indicating  a decrease  of  the  refractive  index  since  the 
thickness  change  can  be  neglected  (Loewenstein  et  al.,  1973).  Figure  5.2  presents  the 
measured  reflectance  along  with  the  measured  transmittance  at  300  K.  For  the  same  Si 
wafer,  the  transmittance  maxima  become  the  reflectance  minima  at  this  temperature, 
similar  trend  is  also  expected  at  all  other  temperatures.  The  measured  transmittance  was 
compared  with  the  calculated  transmittance  to  determine  the  refractive  index  at  different 
temperatures.  The  results  are  nSi  « 3.405  at  200  K,  3.395  at  100  K,  and  3.39  at  50  K and 


10  K. 
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Although  the  interference  patterns  in  the  measured  transmittance  and  reflectance 
of  the  Si  substrate  match  theoretical  predictions  as  shown  in  Fig.  5.3  for  300  K,  the 
radiometric  accuracy  is  not  as  high.  The  maximum  transmittance  often  varies  between 
0.95  and  1.05  or  more  near  the  spectral  cut-offs.  The  reflectance  minimum  is  always 
greater  than  zero,  which  may  be  caused  by  insufficient  spectral  resolution.  The  root- 
mean-square  difference  between  the  measured  and  the  calculated  values  shows  a standard 
uncertainty  of  »0.05  in  both  the  transmittance  and  reflectance.  Hence,  the  uncertainty  is 
estimated  to  be  10  percent  for  all  measurements.  This  uncertainty  is  large  compared  with 
the  measurements  without  sharp  interference  fringes,  which  could  be  caused  by  many 
parameters,  such  as  detector  nonlinearity,  misalignment,  phase  error,  and  multiple 
reflections  between  the  sample,  windows,  and  the  beam  splitter  (Griffiths  and  de  Haseth, 
1986). 


Measurements  of  YBCO  Films 

Transmittance 

Transmittance  was  measured  using  the  slow-scan  Michelson  interferometer. 
Figure  5.4  shows  the  measured  transmittance  of  two  specimens,  identified  as  Sample  A 
and  Sample  B,  at  various  temperatures.  The  transmittance  spectra  oscillate  periodically 
due  to  interference  effects  inside  the  substrate  with  Aco  slightly  higher  than  7 cm-1.  In  the 

normal  state,  the  fringe-averaged  transmittance,  defined  as  T(co)  = — f co+Ao)  “T(co')dco' 

Acoj®-a<b/2 

is  nearly  uniform  for  all  the  measured  frequencies  at  any  given  temperature  but  decreases 
gradually  as  the  temperature  is  lowered.  This  decrease  is  expected  because  the  electrical 
conductivity  of  the  YBCO  film  increases  as  temperature  decreases.  The  interference 
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pattern  is  quite  periodic  over  the  studied  frequency  range  at  any  given  temperature,  but 
varies  significantly  as  the  temperature  is  changed  from  300  K to  100  K.  Not  only  do  the 
peak  locations  vary  with  temperature  but  also  the  fringe  contrast  (the  relative  amplitude 
of  oscillation)  changes  significantly.  There  is  a phase  shift  of  7t  rad  between  the  300  K 
and  100  K data;  that  is,  the  transmittance  maxima  at  one  temperature  correspond  to  the 
transmittance  minima  at  the  other. 

The  spectrum  at  200  K for  Sample  A has  no  discernible  interference  fringes, 
which  can  be  attributed  to  an  antireflection  effect  of  the  YBCO  film.  Similar  feature  can 
be  observed  for  Sample  B at  a temperature  between  200  and  300  K.  In  the 
superconducting  state,  the  fringe-averaged  transmittance  is  lower  at  smaller  frequencies 
and  increases  toward  higher  frequencies.  The  peak  transmittance  is  higher  at  lower 
temperatures.  This  is  caused  by  the  optical  resonance  effect  in  the  film-substrate 
composite  and  by  decreased  absorptance  losses  in  the  YBCO  film.  The  antireflection 
effect  on  the  interference  pattern  and  the  effect  of  optical  resonance  on  the  peak 
transmittance  in  the  superconducting  state  are  discussed  in  later  sections. 

Backside  Reflectance 

The  measured  backside  reflectance  spectra  of  Sample  A have  been  presented  in 
two  ways:  In  Fig.  5.5  spectra  are  presented  along  with  the  interference  pattern  over  the 
frequency  range  10  cm  1 to  100  cm  '.  In  Fig.  5.6  the  fringe-averaged  spectra  over  the 
frequency  range  10  cm'1  to  640  cm-1,  are  presented.  Both  the  Fig.  5.5  and  Fig.  5.6  reveal 
that  below  100  cm-1  the  normal  state  reflectance  differs  significantly  compared  to  that  of 
the  superconducting  state.  The  reflectance  increases  sharply  as  the  temperature  is  reduced 
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to  below  the  critical  temperature  and  increases  slightly  as  the  temperature  is  further 
reduced.  The  fringe  contrast  is  much  higher  in  the  superconducting  state  than  in  the 
normal  state. 

In  a way  similar  to  the  transmittance,  the  fringe  contrast  is  much  smaller  at  200  K 
than  at  300  K and  100  K.  At  frequencies  where  the  transmittance  is  maximum,  the 
reflectance  for  radiation  incident  on  the  substrate  decreases  to  minimum  values.  The  large 
change  in  the  reflectance  of  YBCO  films  at  particular  frequencies,  from  the 
superconducting  to  the  normal  state,  experimentally  demonstrate  that  HTSC  films  can  be 
used  to  construct  far-infrared  intensity  modulators  (Zhang  et  al.,  1998). 

The  fringe-averaged  backside  reflectance  shown  in  Fig.  5.6  is  independent  of  the 
frequency  in  the  normal  state,  but  increases  toward  smaller  frequencies  in  the 
superconducting  state.  At  frequencies  above  150  cm  *,  the  normal  state  and 
superconducting  state  reflectance  are  essentially  the  same.  This  is  corresponds  to  the 
superconducting  gap  above  which  the  radiative  properties  do  not  change  with  the 
frequency. 

Film  Side  Reflectance 

Film  side  reflectance  in  the  normal  state  was  measured  along  with  the 
transmittance  and  backside  reflectance  measurements.  Figure  5.7  shows  the  measured 
film  side  reflectance  of  Sample  A at  100,  200,  and  300  K.  Here  the  fringe  contrast  and  the 
fringe-averaged  reflectance  are  larger  compared  to  the  backside  reflectance.  The  spectra 
at  200  K show  no  antireflection  feature.  For  the  film  side  incidence,  light  travels  from  the 
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low  dense  medium  (air)  to  high  dense  medium  (silicon)  hence  the  anti  reflectance 
(admittance  matching  approach)  can  not  observed  for  this  case. 

The  superconducting  state  measurements  on  Sample  A were  conducted  eight 
months  later,  gave  lower  reflectance  values  than  the  theoretical  calculations.  The  YBCO 
film  properties  are  very  sensitive  to  the  oxygen  content  in  the  film.  Oxidation  of  the  films 
over  a period  of  time  might  have  resulted  in  loss  in  the  superconducting  nature  of  the  film 
and  subsequently  films  have  become  less  reflective  and  more  transparent.  Film  side 
reflectance  in  the  superconducting  state,  was  measured  for  several  samples  from  another 
batch.  The  measured  spectra  give  expected  trend  and  good  indication  of  how  the  film  side 
reflectance  deviates  from  the  backside  reflectance.  In  the  superconducting  state,  the 
fringe  contrast  for  the  film  side  reflectance  become  very  small  compared  to  that  of  the 
backside  reflectance.  In  the  analysis  section,  film  side  reflectance  in  the  superconducting 
state  is  presented  for  Sample  A. 

Analysis  of  Transmittance  and  Reflectance  of  YBCO  Films 
Fitting  Procedure 

The  film-substrate  composite  consists  of  a YBCO  layer  of  35  nm  thickness,  20 
nm  thick  YSZ  layer,  and  a 10  nm  thick  Ce02  layer  deposited  on  a -200  qm  thick  Si 
substrate.  Radiative  properties  of  such  multilayer  structure  can  be  computed  using  the 
matrix  method  discussed  in  the  chapter  3.  Far-infrared  wavelengths  are  comparable  with 
or  greater  than  the  substrate  thickness,  interference  fringes  are  usually  observed.  During 
our  studies  of  the  Si  substrate  large  interference  fringes  were  observed  in  measured 
reflectance  and  transmittance.  The  thickness  of  the  film  is  of  the  order  only  35nm,  so  the 
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film  is  essentially  transparent  and  the  measured  transmittance  and  the  reflectance  of  the 
film-substrate  composite  showed  interference  fringes.  The  absorption  of  dielectric 
materials,  such  as  YSZ  and  Ce02  is  very  weak  in  the  far-infrared  region,  especially  for 
thickness  less  than  20  nm.  The  dielectric  constant  of  YSZ  is  25  and  that  of  Ce02  is  17  in 
the  far-infrared  and  microwave  regions  (Grischkowsky  and  Keiding,  1990;  Phillips, 
1996).  The  presence  of  the  YSZ  and  Ce02  layers  has  essentially  no  effect  on  the 
calculated  transmittance  and  reflectance  of  the  film-substrate  composite.  Therefore,  the 
YSZ  and  Ce02  layers  can  be  omitted  while  computing  the  transmittance  and  reflectance. 
Based  on  all  details  mentioned  above,  it  is  justifiable  to  assume  that  total  film  structure 
consists  of  a thin  film  on  a thin  substrate  and  simplified  formulae  for  computing 
reflectance  and  transmittance  can  be  derived.  Using  suitable  dielectric  function  models, 
the  complex  refractive  index  of  the  YBCO  film  is  determined  by  fitting  the  measured 
transmittance  data.  Because  the  transmittance  measurement  has  a better  spectral 
resolution,  which  is  especially  important  in  the  region  where  sharp  interference  extrema 
occur.  Comparison  is  also  made  between  the  calculated  and  measured  reflectance 
whenever  the  data  are  available. 

The  normal  state  data  were  modeled  using  the  Drude-Lorentz  model.  Due  to  the 
relatively  weak  effect  of  the  Lorentz  term  in  the  far  infrared,  a single  oscillator  is  used 
with  the  parameters  fixed  to  those  recommended  by  Zhang  et  al.  (1994),  i.e.,  ©e  = 1800 
cm  \ ©pe  = 18000  cm  \ and  ye  = 5400  cm-1  The  effect  of  the  mid-infrared  band  on  the 
radiative  properties  of  the  film  is  very  weak  at  frequencies  between  10  and  100  cm-1, 

because  sLorentz  is  essentially  a real  constant,  »(©pe/©e)2  in  the  far  infrared. 
Calculations  using  different  Lorentz  parameters,  such  as  ©e  = 1800  cm"1,  fflpe  = 24150 
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cm  \ ye  - 7500  cm  1 (Flik  et  al.,  1992),  do  not  modify  significantly  the  transmittance  and 
reflectance  of  the  film-substrate  composite. 

In  the  normal  state,  in  order  to  compute  the  Drude  term,  adc  and  1/x  are  taken  as 
adjustable  parameters.  Their  values  are  determined  by  fitting  the  calculated  transmittance 
to  the  measured  transmittance.  Calculations  show  that  the  radiative  properties  depend 
strongly  on  Gdc  but  weakly  on  1/x,  suggesting  a larger  uncertainty  in  1/x.  The  best  fit  is 
obtained  when  the  root-mean- square  difference  is  the  smallest.  In  some  cases,  the 
differences  in  the  fringe-averaged  transmittance  and  the  peak  transmittance  are  also  used 
to  determine  the  best  fit  when  the  root-mean-square  difference  is  not  so  sensitive  to  the 
parameters.  The  plasma  frequency  was  calculated  using  the  room  temperature  fitted 
parameters.  The  plasma  frequency  is  proportional  to  the  total  electron  density  and  is 
typically  constant  over  temperature  (Kamaras  et  al.,  1990;  Tanner  and  Timusk,  1992). 
Hence,  at  other  temperatures  in  the  normal  state,  the  scattering  rate  is  the  only  adjustable 
parameter.  In  the  superconducting  state,  both  the  superconducting-electron  fraction  fs  and 
the  scattering  rate  1/x  are  considered  to  be  adjustable  parameters  while  computing  the 
dielectric  function. 

Transmittance 

Figure  5.8  compares  the  fitted  and  measured  transmittance  of  Sample  A.  The 
fitted  and  measured  values  agree  well  with  a root-mean-square  difference  of  less  than 
0.03  in  most  cases.  At  temperatures  greater  than  Tc,  both  the  scattering  rate  and  the 
resistivity  drop  almost  linearly  with  decreasing  temperature.  At  these  temperatures,  the 
scattering  rate  is  dominated  by  the  temperature-dependent  electronic  scattering,  which 
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governs  the  resistivity  dependence  on  the  temperature.  Thus,  both  the  resistivity  and  the 
scattering  rate  show  a linear  dependency  on  the  temperature. 

Figure  5.9  compares  the  fitted  and  measured  transmittance  of  Sample  B.  In  the 
normal  state  the  fitted  spectra  at  100  and  300  K agree  well  with  the  measured  spectra. 
Because  of  the  linear  temperature  dependency,  at  200  K,  the  fitted  resistivity  is  expected 
to  be  approximately  in  between  those  of  at  100K  and  300  K.  However,  the  obtained 
resistivity  does  not  show  this  trend.  There  was  a large  variation  from  the  expected 
temperature  dependency  and  this  required  further  analysis  of  the  measured  spectra.  The 
measured  spectra  at  200  K were  increased  by  20  percent  and  the  fitting  to  this  data  gave  a 
resistivity,  which  showed  an  expected  trend.  It  is  strongly  believed  that  some  error  may 
have  been  introduced  while  measuring  the  reference  spectra  at  200  K and  this  has  caused 
reduction  in  the  measured  reflectance. 

The  fitting  parameters  for  both  sample  films  are  shown  in  Table  5.1.  The 
difference  in  the  fitted  values  may  be  caused  by  the  slight  variation  in  the  film  deposition 
conditions.  At  temperatures  below  Tc,  the  temperature-dependent  scattering  ceases  to 
exist,  and  the  remaining  scattering  is  mainly  due  to  impurities  and  lattice  defects,  which 
should  be  temperature  independent  (Flik  et  al.,  1992).  This  scattering  rate  should  be 
constant  at  low  temperatures.  However,  the  best  agreement  between  the  measured  and 
calculated  transmittance  at  10  K for  both  the  samples  was  achieved  with  a scattering  rate, 
which  is  higher  than  that  for  50  K.  This  unexpected  higher  scattering  rate  at  lower 
temperatures  needs  further  investigation,  although  it  could  simply  be  caused  by  the 
experimental  uncertainty.  Bonn  et  al.  (1992)  showed  that  the  scattering  rate  of  YBCO 
decreases  drastically  as  the  temperature  is  reduced  below  Tc,  due  to  the  rapid  reduction  of 
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Table  5.1  Fitting  parameters,  where  the  uncertainties  are  estimated  to  be 
5 percent  in  l/c,ic,  20  percent  in  1/t,  and  10  percent  in  fs. 


Sample  A ( Tc  = 81.5) 
dsi  = 203.6  pm 
(Dp  = 6700  cm-1 

Sample  B (Tc  = 80.2) 
dsi  = 204.3  pm 
(Op  = 7500  cm-1 

Temp. 

nSi 

1/Odc 

fs 

1/x 

1 / Gdc 

fs 

1/t 

(K) 

(pQ-cm) 

(cm-1) 

(pQ-cm) 

(cm-1) 

300 

3.420 

800 

- 

600 

630 

- 

600 

200 

3.405 

538 

- 

400 

460 

- 

440 

100 

3.395 

306 

- 

230 

290 

- 

275 

50 

3.390 

- 

0.25 

150 

- 

0.30 

180 

10 

3.390 

- 

0.35 

190 

- 

0.40 

220 

the  density  of  thermally  activated  quasiparticles.  Their  results,  however,  were  for  a 
single-crystal  YBaaCusO?  of  extremely  high  quality  with  fs « 1 at  very  low  temperatures. 

Even  at  very  low  temperatures,  there  is  a large  fraction  (1-  fs)  of  normal-state 
electrons  in  the  thin  YBCO  films.  For  conventional  superconductors,  fs  should  be  zero  at 
temperatures  much  lower  than  Tc.  The  definition  of  fs  for  HTSC  materials  is  rather 
ambiguous.  Some  researchers  obtained  higher  values  of  fs  by  assuming  a portion  of  the 
YBCO  film  is  not  superconductive,  also  known  as  "dead  layer"  (Renk,  1992;  Fladni  et  al., 
1995).  In  the  present  study,  the  superconducting  fraction  is  calculated  without  assuming 
any  dead  layer,  and  this  may  account  for  the  small  values  of  fs  obtained  in  this  study. 
Another  reason  may  be  the  higher  dc  resistivity  (l/adc)  of  YBCO  films  in  the  normal 
state.  The  dc  resistivity  is  strongly  affected  by  the  choice  of  the  substrate  and  buffer 
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layers,  by  their  thicknesses,  as  well  as  by  the  thickness  of  the  YBCO  film  (Mechin  et  al., 
1996).  The  damage  caused  by  the  stripping  process  as  mentioned  in  the  chapter  4 may 
have  reduced  fs  as  well.  Although  the  critical  temperature  of  Sample  A is  slightly  higher 
than  that  of  sample  B,  the  fraction  of  superconducting  electrons  of  Sample  A is  less  than 
that  of  sample  B.  This  may  be  explained  by  the  fact  that  Sample  A has  a higher  electrical 
resistivity. 

Refractive  Index  of  the  YBCO 

Figure  5.10  and  5.1 1 show  the  real  and  imaginary  parts  of  the  refractive  index  of 
Sample  A and  B calculated  from  the  dielectric  function,  which  was  obtained  by  fitting  the 
transmittance  data.  In  the  normal  state,  nf « Kf,  as  expected  for  a metallic  film,  and  both  nt- 
and  kf  increase  with  decreasing  temperature.  As  the  film  becomes  superconducting,  nf 
drops  suddenly  but  Kf  exhibits  an  abrupt  increase,  especially  at  low  frequencies.  As  the 
temperature  is  further  reduced  from  50  K to  10  K,  nf  continues  to  decrease  whereas  Kf 
continues  to  increase.  Below  Tc,  kf  » n^  because  the  film  is  largely  inductive  in  its 
response.  Refractive  indices  at  10  K of  both  samples,  are  compared  in  Fig.  5.12.  In  the 
superconducting  state,  for  Sample  B,  the  imaginary  part  Kf  is  greater  and  the  real  part  nf  is 
smaller  than  those  of  Sample  A.  This  is  due  to  a slightly  larger  fraction  of  the 
superconducting  electrons  in  Sample  B compared  to  the  Sample  A (see  Table  5.1).  This 
suggests  that  Sample  B is  a higher  quality  film. 

Reflectance 

The  reflectance  spectra  were  calculated  using  above  obtained  dielectric  function. 
Figure  5.13  compares  the  measured  with  the  calculated  reflectance  for  radiation  incident 
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on  the  substrate  at  10  and  50  K.  The  measured  and  calculated  reflectance  is  in  reasonable 
agreement.  For  the  measurements  at  10  and  50  K,  at  the  reflectance  minima,  the 
calculated  values  are  much  lower  than  those  measured,  which  may  be  caused  by 
insufficient  resolution  in  the  measured  reflectance  or  by  the  beam  divergence.  Further 
improvements  in  spectral  resolution  are  required  in  order  to  resolve  the  discrepancy 
between  the  measured  and  calculated  reflectance.  The  reflectance  from  the  substrate  side 
and  the  film  side  at  300  K are  compared  to  the  calculated  spectra  in  Fig.  5.14.  The 
goodness  of  fit  agreement  at  300  K indicates  the  reliability  of  the  fitted  parameters.  The 
calculated  film  side  reflectance  for  various  temperatures  is  shown  in  Fig.  5.15.  For  the 
incidence  on  the  film  side,  the  locations  of  the  reflectance  maxima  and  minima  depend 
little  on  temperature  in  the  normal  state,  but  shifts  significantly  from  the  normal  state  to 
the  superconducting  state.  The  fringe  contrast  decreases  as  the  temperature  is  reduced, 
and  is  an  indication  of  the  reduction  in  the  radiation  penetration  depth  in  YBCO  film  with 
temperature. 

Discussion 

The  Antireflection  Effect 

For  Sample  A,  measurements  reveal  that  the  minima  in  the  transmittance  at  300  K 
approximately  correspond  to  the  maxima  at  100  K,  50  K,  and  10  K.  The  measured 
transmittance  at  200  K has  no  discernible  interference  fringes.  This  interesting  change  in 
the  interference  pattern  is  analyzed  below  by  considering  the  radiation  incident  from  the 
substrate  and  reflected  by  the  film.  The  reflection  coefficient  at  the  substrate-film 
interface  as  shown  in  Fig.  5.16  is  the  ratio  of  the  reflected  to  the  incident  electric  waves 
(Heavens,  1965): 
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(5.1) 


where,  for  normal  incidence,  r21  = (N2  - Nj  )/(N2  + Nj ) and 


r23  = (N2  -N3)/(N2  +N3),  and  5t-  = codt-N2/c0  is  the  complex  phase  change  in  the 
film.  Note  that  Ni  = 1,  N2  = Nf,  and  N3  = nsi  correspond  to  the  refractive  indices  of  the 
air,  film,  and  the  substrate,  respectively,  and  Co  is  speed  of  light  in  vacuum.  If  1 2/5  f | « 1 , 

which  is  satisfied  for  the  thin  YBCO  film  in  the  normal  state,  then  exp(2/'5f ) « 1 + 2/5 f . 
The  requirement  of  |2/5,  | « 1 is  equivalent  to  (1)  dt-  « X/47tkt-  (the  film  thickness  is 
much  smaller  than  the  radiation  penetration  depth),  where  X is  the  wavelength  in  vacuum, 
and  (2)  df  « A,/47tnt- . After  some  manipulation,  Eq.  (5. 1)  becomes 


Assume  |N]/N2|«1  and  |N3  /N2|  « 1 , which  are  also  valid  since  the  refractive  index 

and  extinction  coefficient  of  metallic  films  (such  as  YBCO  in  the  normal  state)  are 
generally  much  greater  than  the  refractive  index  of  dielectric  materials  (such  as  the  Si 
substrate  used  here).  Then, 


Equation  (5.3)  is  the  same  as  that  derived  by  McKnight  et  al.  (1987),  but  here  it  is 
obtained  directly  from  Maxwell's  equations  without  assuming  that  the  film  is  infinitely 
thin.  It  is  convenient  to  define  a dimensionless  admittance,  y = -/5t-nf  , which  in  general 
is  a complex  quantity.  As  discussed  above,  the  dielectric  function  of  YBCO  in  the  normal 


r.,N3-N1+/8fN2(l  + N3/N2)(l-N1/N2) 
~ N3  +Nj  -i'5fN2(l  - N3/N2)(l  - Nj  /N2) 


(5.2) 


r _ N3  - Nj  +/5(-N2 
N3  +Nj  — /8j-N2 


(5.3) 
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state  is  dominated  by  the  Drude  term,  which  becomes  purely  imaginary  at  frequencies 
much  smaller  than  the  scattering  rate  (cot  « 1) ; hence,  s(co)  ~ iodc /coe0 . From  the 
definitions  of  y and  5f,  y«adcdf/c0s0  is  a real  positive  constant  in  the  very  far 
infrared.  When  y = nsi  -1,  the  reflection  coefficient  given  by  Eq.  (5.3)  becomes  zero  for 

incidence  on  the  substrate.  For  N3  = nSi  « 3.4,  the  required  dc  resistivity  (1/cTdc)  is 
~ 550  pQ-cm  for  df  = 35  nm.  The  dc  resistivity  obtained  by  fitting  the  transmittance  at 
200  K of  538  pQ-cm  is  very  close  to  this  value.  However,  because  the  scattering  rate  is 
only  400  cm'1  at  200  K (see  Table  5.1),  there  are  residual  interference  fringes.  Because  of 
all  the  assumptions  made  earlier,  interference  fringes  persist  in  the  calculated 
transmittance  even  with  l/odc  * 550  pO-cm.  McKnight  et  al.  (1987)  analyzed  and 
experimentally  demonstrated  the  effect  of  antireflection  coating  (also  called  impedance- 
matched  coating)  on  the  transmittance  of  a Si  wafer  coated  with  a Ni-Cr  film.  In  that 
work,  the  scattering  rate  was  much  greater  than  100  cm  *,  and  the  fringe  contrast  in  the 

measured  transmittance  was  much  smaller. 

The  change  from  transmittance  maxima  at  300  K to  transmittance  minima  at  100 
K at  fixed  frequency  can  be  explained  by  the  sign  change  of  the  reflection  coefficient 
given  by  Eq.  (5.3)  as  the  dc  resistivity  passes  ~ 550  pft-cm.  The  change  in  the  sign  of 
this  coefficient,  combined  with  the  interference  effect  inside  the  Si  substrate,  will  result 
in  a phase  shift  of  n rad  in  the  interference  pattern  and  thus  causing  the  transmittance  to 
change  from  maxima  to  minima  and  vise  versa.  The  calculated  transmittance  and 
reflectance  agree  extremely  well  in  terms  of  the  interference  patterns  at  all  temperatures 
except  for  Sample  A at  200  K.  The  actual  phase  at  200  K is  very  complicated  because  the 
assumptions  used  in  deriving  Eq.  (5.3)  are  not  perfectly  met.  The  discrepancy  in  the 
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phase  between  the  calculated  and  the  measured  transmittance  at  200  K may  also  suggests 
that  the  scattering  rate  is  complex  and  may  depend  on  the  frequency.  Modified  Drude 
models  with  a complex  and  frequency-dependent  scattering  rate  have  been  used  for  the 
study  of  HTSC  materials  (Varma  et  al.,  1989;  Virosztek  and  Ruvalds  1990;  Renk,  1992; 
Quinlan  et  al.,  1996).  Further  studies  are  needed  to  investigate  the  applicability  of  these 
models  to  thin  YBCO  films  on  Si  substrates. 

The  fringe  patterns  of  Sample  B differs  from  those  of  Sample  A,  because  their 
characteristics  are  different.  From  Fig.  5.4  and  Table  5.1,  we  can  estimate  that  the 
interference  contrast  for  Sample  B would  be  the  smallest  at  a temperature  somewhere 
between  300  K and  200  K,  where  its  dc  electric  resistivity  is  near  550  pQ-cm.  The 

condition  for  impedance  matching  with  the  Si  substrate  is  that  (adcdt-)_1  »157Q. 
Hence,  it  is  possible  to  construct  antireflection  coatings  with  a YBCO  film  on  Si  substrate 
at  room  temperature  by  increasing  the  film  thickness.  The  practical  applications  of  the 
antireflection  effect  using  HTSC  films  need  further  exploration. 

The  Effect  of  Optical  Resonance 

The  measured  spectra  for  both  specimens  at  10  K and  50  K have  sharper 
transmittance  maxima  and  reflectance  minima  than  the  spectra  obtained  above  the  critical 
temperature.  In  addition,  the  peak  transmittance  at  10  K is  even  higher  than  that  at  50  K. 
The  transmittance  is  expected  to  decrease  as  the  temperature  is  lowered  since  the  YBCO 
material  becomes  more  and  more  conductive.  The  unexpected  higher  transmittance  at 
lower  temperatures  in  certain  spectral  bands  is  the  result  of  optical  resonance  in  the  film- 
substrate  composite.  A simple  optical  resonator  is  a dielectric  layer  coated  with  highly 
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reflecting  films  on  both  sides.  By  varying  the  reflection  coefficient  of  one  or  both 
coatings,  the  transmittance  of  the  resonator  can  be  altered  significantly.  This  resonance 
effect  will  result  in  very  high  transmittance  values  at  particular  frequencies.  In  the  present 
study,  the  specimen  is  analogous  to  an  optical  resonator  made  of  a thin  YBCO  film 
coated  on  only  one  side  of  the  Si  substrate.  As  the  temperature  is  reduced  to  below  the 
critical  temperature,  the  reflection  coefficient  of  the  YBCO  film  increases  sharply.  The 
large  reflection  coefficient,  coupled  with  the  interference  effects  in  the  substrate,  can 
significantly  increase  the  measured  transmittance  at  certain  frequencies.  The  observed 
resonance  effects  demonstrate  that  YBCO  films  deposited  on  Si  substrates  have  the 
potential  for  construction  of  Fabry-Perot  resonators  (Renk  et  al.,  1990;  Genzel  et  al., 
1992;  Malone  et  al.,  1993).  Further  discussion  on  resonance  structures  using  Sample  A 
and  B,  is  presented  in  chapter  7. 

Sensitivity  of  the  Fitting  Parameters 

In  the  present  work,  only  the  measured  transmittance  was  used  for  obtaining  the 
dielectric  function  of  the  YBCO  material.  The  reflectance  of  the  film  was  calculated 
using  the  above-obtained  dielectric  function  In  the  far-infrared  limit,  the  dc  resistivity 
and  scattering  rate  are  sufficient  to  model  the  dielectric  function  in  the  normal  state.  In 
Table  5.2,  the  dc  resistivity  and  scattering  rate  at  300  K and  100  K reported  by  several 
groups  are  compared  with  the  present  work.  These  values  vary  in  a range  of  about  200% 
due  to  different  preparation  methods  and  different  substrates.  Calculations  show  that  the 
radiative  properties  depend  strongly  on  l/adc  but  weakly  on  1/x,  suggesting  a larger 
uncertainty  in  1/x.  Uncertainty  in  the  fitted  1/x  and  1/Odc  is  evaluated  by  observing 
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Table  5.2  The  dc  resistivity  and  scattering  rate  obtained  by  different  groups. 


Authors 
& Year. 

Substrate 

df 

(nm) 

Pdc 

(pQ-cm) 

1/x 

(cm-1) 

300  K 

100K 

300  K 

100  K 

Kumar  et  al. 
1999c 

Si 

35 

800 

306 

600 

230 

Gao  et  al. 
1991 

MgO 

48 

555 

165 

550 

175 

Flik  et  al. 
1992 

LaA103 

10 

25 

880 

420 

- 

300 

400 

- 

Cunsolo  et  al. 
1993 

MgO 

50 

390 

150 

480 

180 

Phelan  et  al. 
1992 

MgO 

35 

860 

- 

270 

- 

change  in  the  transmittance  introduced  by  variation  of  these  parameters.  Figure  5.17 
shows  the  fitted  transmittance  for  the  Sample  B at  100  K along  with  the  transmittance 
computed  with  ± 20  percent  change  in  1/t  and  ± 5 percent  change  in  1/Gdc.  The  large 
change  in  the  scattering  rate  has  little  effect  on  the  transmittance  indicating  a larger 
percentage  of  uncertainty  in  the  fitted  values.  However,  the  transmittance  is  very 
sensitive  to  change  in  the  dc  resistivity.  As  indicated  by  Fig.  5.17  even  a ± 5 percentage 
change  can  introduce  a large  variation  in  the  fitted  transmittance. 

In  the  superconducting  state,  best  fitting  was  obtained  with  fs  between  0.25  and 
0.4.  The  existence  of  normal  electrons  at  very  low  temperatures  has  been  noticed  by 
many  authors  (Tanner  and  Timusk  1992).  The  fraction  of  superconducting  electrons  at  10 
K was  about  0.5  obtained  by  Gao  et  al.(  1 99 1 ) for  a 48  nm  thick  YBCO  film  and  by  Flik 
et  al.  (1992)  for  a set  of  films  (10  to  200  nm  thick).  The  value  of  fs  was  between  0.70  and 
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0.85  for  single  crystals  and  thick  films  at  temperatures  much  less  than  Tc  (Zhang  et  al., 
1994).  This  indicates  that  the  quality  of  the  YBCO  film  deposited  on  the  Si  substrate  used 
for  the  present  study  can  be  further  improved. 
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Figure  5.1  Measured  silicon  transmittance  at  different  temperatures 
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Figure  5.2  Measured  silicon  reflectance  and  transmittance  at  300  K 
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Figure  5.3  Comparison  of  measured  and  fitted  (a)  Reflectance  (b)  Transmittance  of  Si 


75 


(a) 


Frequency  (cm'1) 


Frequency  (cm'1) 


Figure  5.4  Measured  transmittance  of  YBCO  films  on  Si  substrates 
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Figure  5.5  Measured  reflectance  for  radiation  incident  on  the  substrate  (backside) 
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Figure  5.6  Fringe-averaged  backside  reflectance 
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Figure  5.7  Measured  film  side  reflectance  in  the  normal  state 
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Figure  5.8  Comparison  between  the  measured  and  fitted  transmittance  for  Sample  A: 
(a)  normal  state;  (b)  50  K;  (c)  10  K. 
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Figure  5.8  --  continued 


81 


Figure  5.9  Comparison  between  the  measured  and  fitted  transmittance  for  Sample  B 
(a)  100  and  300  K;  (b)  200  K;  (c)  50  K;  (d)  10  K 
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Figure  5.9  — continued 


83 


Figure  5 .10  Complex  refractive  index  of  the  YBCO  film  (Sample  A) 
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Figure  5 .11  Complex  refractive  index  of  the  YBCO  film  (Sample  B) 
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Figure  5.12  Comparison  between  the  refractive  index  of  Sample  A and  B at  10  K 
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Figure  5.13  Measured  and  calculated  backside  reflectance  for  Sample  A at  50  K and  10  K 
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Figure  5.14  Comparison  between  the  measured  and  calculated  reflectance  at  300  K 
for  radiation  incident  (a)  on  the  fdm;  (b)  on  the  substrate 
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Figure  5.15  Calculated  film  side  reflectance 
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Figure  5.16  Substrate  incident  reflection  coefficient 
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Figure  5.17  Effect  of  uncertainty  in  the  fitted  parameters  on  the  fitted  transmittance 
(a)  Scattering  rate;  (b)  dc  resistivity 


CHAPTER  6 

ABSORPTANCE  OF  YBCO  FILMS 


This  chapter  presents  the  normal  state  absorptance  of  YBCO  films  in  the 
frequency  region  10  to  100  cm-1.  The  absorptance  spectra  were  presented  both  for  the 
radiation  incident  on  the  film  side  and  the  backside.  The  measured  transmittance  and 
reflectance  spectra  were  used  in  computing  the  absorptance  spectra.  Results  show  that  the 
absorptance  for  radiation  incident  on  the  film  side  differs  significantly  from  that  for 
radiation  incident  on  the  substrate  side.  The  dielectric  function  obtained  from  the 
transmittance  measurements  was  used  to  study  the  effect  of  the  film  thickness  on  the  total 
absorptance  of  the  film-substrate  composite. 

HTSC  thin  films  have  been  used  to  construct  highly  sensitive  infrared-radiation 
detectors.  These  detectors  operate  above  the  liquid-nitrogen  temperature  using  an  HTSC 
thin  film  as  the  sensing  element.  Knowledge  of  the  amount  of  the  radiation  absorbed 
within  the  film  is  crucial  for  the  detector  design.  A larger  absorptance  yields  a higher 
responsitivity  and  detectivity  as  well  as  a smaller  noise  equivalent  power  (Carr  et  al., 
1990,  Zhang  and  Frenkel,  1994).  The  absorptance  of  the  HTSC  film  depends  not  only  on 
the  wavelength  of  the  incident  radiation  and  temperature  of  the  film-substrate  composite 
but  also  on  the  thickness  of  the  film  and  properties  of  the  substrate.  Higher  absorptance 
occurs  when  the  radiation  is  incident  on  the  substrate  side.  Silicon  is  an  ideal  substrate  for 
the  fabrication  of  HTSC  bolometers  because  of  its  higher  thermal  conductivity  and 
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infrared  transparency.  Phelan  et  al.  1992,  investigated  the  thickness-dependent 
absorptance  of  YBCO  films  deposited  on  MgO  substrates,  in  the  frequency  region  100 
cm”1  to  200  cm”1.  Studies  show  that  the  absorptance  by  very  thick  films,  is  small 
compared  to  that  of  thin  films  and  there  exists  an  optimum  thickness  for  which 
absorptance  is  maximum  in  the  film-substrate  composite  (Kumar  et  al.,  1998). 

Results 

Figure  6. 1 shows  the  measured  absorptance  of  Sample  A at  various  temperatures 
for  radiation  incidence  on  both  the  film  side  and  the  substrate  side.  The  interference 
pattern  is  independent  of  the  frequency  except  at  300  K.  The  measurement  errors 
associated  with  the  300  K transmittance  data,  are  cause  for  the  slight  decrease  in  the 
absorptance  below  40  cm'1.  The  spectrum  at  200  K for  the  backside  illumination  shows 
no  distinct  interference  fringes  but  for  the  film  side  illumination  at  the  same  temperature, 
the  fringe  pattern  can  be  observed  clearly.  The  phase  shift  of  k rad  between  the  300  K 
and  100  K spectra  is  similar  to  the  one  observed  in  transmittance  spectra.  The  fringe- 
average  absorptance  presented  in  Table  6.1.  indicates  that  the  absorptance  for  the 
backside  illuminations  is  higher  than  for  the  film  side  illumination  and  similar  trend  is 
also  expected  in  the  superconducting  state.  The  measured  reflectance  for  the  film  side  is 
always  greater  than  for  the  backside  illumination  (Fig.  5.5  and  Fig.  5.7)  and  the 
transmittance  is  the  same  in  both  cases  (Fig.  5.4a),  hence  the  absorptance  is  greater  for 
the  backside  illumination.  The  higher  absorptance  in  the  detector  element-  an  important 
criterion  required  for  the  design  of  radiation  detectors,  can  be  achieved  through  the 


backside  illumination. 
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Table  6.1  Fringe  averaged  absorptance  in  the  normal  state  for  radiation  incident 
on  the  film  side  (Af)  and  the  backside  (As) 


Temperature  (K) 

Af 

As 

100 

0.30 

0.55 

200 

0.29 

0.48 

300 

0.21 

0.40 

Normal  state  absorptance  is  calculated  using  the  calculated  transmittance  and 
reflectance  spectra.  The  measured  spectra  are  compared  to  the  calculated  spectra  in  Fig. 
6.2.  The  predicted  and  measured  absorptance  values  match  closely,  considering  the 
experimental  uncertainty,  except  for  the  interference  pattern  at  200  K.  The  actual  phase  at 
the  200  K is  very  complicated  to  model  and  complexity  may  be  due  to  experimental  noise 
or  may  be  due  to  the  losses  in  the  Si  substrate. 

Effect  of  the  Film  Thickness 

The  effect  of  the  film  thickness  on  the  absorptance  was  studied  by  varying  the 
value  of  df,  the  film  thickness.  Figure  6.3  shows  the  predicted  absorptance  at  100  K 
between  40  cm'1  and  60  cm'1  for  five  different  values  of  dr . The  film  thickness  has  a 
significant  effect  on  the  absorptance,  especially  for  the  backside  illumination  The 
increase  in  the  thickness  makes  the  film  more  opaque.  The  competing  effects  of  a 
decrease  in  the  transmittance  and  an  increasing  reflectance  result  in  an  optimized  dr 
where  the  absorptance  is  maximum. 

For  a bare  Si  substrate,  the  transmittance  maximum  (Tmax-  1)  and  the  reflectance 
minimum  (Rmin  = 0)  are  located  at  o = mAo  , where  m is  an  integer  and  the  free  spectral 
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range  Aco  = (2ns  ds)  1 =7. 234cm  'with  ns  = 3.395  and  ds  - 203.6  pm.  The  location  of 
Tmin  and  Rmax  are  located  at  © = (m  + l/2)A©.  The  maximum  in  Af  is  located  near 
mAco  and  remains  at  that  location  for  all  the  calculated  thicknesses.  Similarly  the 
minimum  in  af  is  remain  located  near  (m  + l/2)A©.  The  fringe-averaged  absorptance 

and  fringe  contrast  increases  with  the  film  thickness  up  to  20  nm,  and  then  decreases  as  df 
is  further  increased. 

The  maximum  of  As  is  located  at  mA©  for  df  < 20  nm,  and  switches 
to  (m  + 1/2)A©  for  df>  20  nm.  Note  that  df  = 20  nm  causes  an  antireflection  effect  at  the 
film-substrate  interface.  The  maximum  and  the  fringe-averaged  values  of  As  continues  to 
increase  as  the  film  thickness  is  increased  beyond  df  = 20  nm.  The  fringe- averaged 
absorptance  reaches  a maximum  value  0.6  and  the  peak  absorptance  reaches  a maximum 
value  0.9,  when  df=  70  nm.  Further  calculations  show  that  the  maximum  absorptance  can 
be  achieved  for  df  between  90  and  120  nm.  Figure  6.2  shows  that  As  = Af  at  © = mA©s.. 
Considering  that  the  transmittance  is  same  both  for  the  film  side  and  the  backside 
illumination,  it  can  be  concluded  that  the  film  side  and  backside  reflectances  should  be 
the  same  at  © = mA©.  This  can  also  be  shown  that  Rt  = Rs  if  (|)  = m7i,  i.e.,  exp(i2<j)s)  = l . 

The  existence  of  frequencys  where  Rf  = Rs  can  be  used  in  practice  to  check  the 
measurement  uncertainty. 

The  change  in  the  absorptance  can  be  understood  better  by  plotting  the 
transmittance  and  reflectance  at  6.5  mAas  and  7mA©s,  as  shown  in  Fig.  6.4.  Note  That  T 
decreases  but  Rf  increases  as  df  increases.  When  q,=  0,  which  corresponds  to  df«  20  nm, 
Rs  is  approximately  0.3  and  independent  of  frequency.  Because  the  wave  reflected  by 
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backside  of  the  film  interferes  with  the  wave  reflected  by  the  surface  of  the  substrate,  Rs 
at  47.02  cm-1  continues  to  decrease  as  df  is  further  increased  above  20  nm.  At  frequencys 
equal  to  ( m + 1/2)A©  , there  exists  a minimum  Rs  when  dr » 90  nm. 

Absorptance  in  the  Superconducting  State 

The  absorptance  in  the  superconducting  state  is  calculated  using  the  fitting 
parameters  obtained  from  the  transmittance  measurements  (see  Table  5.1).  Calculated 
superconducting  state  absorptance  for  Sample  A for  radiation  incidence  on  the  substrate 
side  and  on  the  film  side  is  shown  in  Fig.  6.5  and  6.6,  respectively.  The  superconducting 
state  absorptance  shows  a uniform  fringe-pattern  except  at  very  low  frequencies  similar 
to  the  transmittance  and  reflectance.  The  absorptance  maxima  of  the  backside  incidence 
and  film  side  incidence  are  located  at  slightly  different  frequencies. 

Both  the  As  and  Af  decreases  as  the  temperature  is  lowered.  Decrease  in  the 
temperature  causes  the  superconducting  fluid  fraction,  fs,  to  increase  (see  Table  5.1).  In 
the  superconducting  state,  the  absorptance  is  mainly  due  the  residual  normal  state 
electrons  whose  number  is  proportional  to  1 - fs . Thus,  the  decrease  in  1 - fs  results  in 
decrease  in  the  absorptance. 

Between  40  cm-1  and  100  cm-1  the  fringe-averaged  Af  and  As  are  smaller  in  the 
superconducting  state  than  in  the  normal  state.  The  fringe-contrast  decreases  for  Af  but 
increases  for  As.  At  particular  frequencies  the  value  of  As  is  as  high  as  0.8  but  at  low 
frequencies  it  is  much  lower  than  that  of  the  normal  state.  Therefore,  when  the 
superconducting  films  are  employed  as  the  detector  element  at  very  low  frequencies, 
some  coating  may  be  required  to  enhance  its  absorptance. 
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Figure  6. 1 Measured  absorptance  of  YBCO  film  for  radiation  incident  on 
(a)  the  film  side  (b)  the  substrate  side 
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Figure  6.2  Comparison  between  the  measured  and  calculated  absorptance  at 
(a)  300  K (b)  200  K(c)  100K 
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Figure  6.2  --continued 
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Figure  6.3  Calculated  absorptance  at  100  K for  radiation  incident  on 
(a)  the  substrate  side  (b)  the  film  side 
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Figure  6.4  Effect  of  the  film  thickness  on  the  transmittance  and  reflectance 
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Figure  6.5  Calculated  substrate  incident  absorptance  in  the  superconducting  state 
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Figure  6.6  Calculated  film  side  incident  absorptance  in  the  superconducting  state 


CHAPTER  7 

FABRY-PEROT  RESONATORS 


Results  and  analysis  of  the  optical  resonators  built  with  HTSC  thin  films  are 
presented  in  this  chapter.  The  operational  details  of  the  Fabry-Perot  (F-P)  resonators  were 
introduced  in  Chapter  3.  Experiments  were  carried  on  two  sets  of  resonator  structures. 
The  F-P  resonator  was  built  using  the  Sample  A and  B,  whose  transmittance  and 
reflectance  were  discussed  in  Chapter  5,  as  reflectors.  The  transmittance  of  the  resonator 
structure  was  measured  at  temperatures  of  10,  50,  100,  200  and  300  K in  the  frequency 
region  from  10  to  90  cm-1. 

The  chapter  begins  with  theoretical  analysis  of  the  resonator  transmittance.  A 
comprehensive  survey  of  the  previous  studies  conducted  on  the  F-P  resonators  built  from 
HTSC  thin  films  are  presented  in  the  next  section.  Experiments  are  described  along  with 
the  observations  on  the  measured  transmittance  characteristics.  Later,  the  comparisons 
are  presented  between  the  measured  and  calculated  transmittance.  Finally,  in  the 
discussion  section  the  resonance  transmittance  optimization  and  effect  of  the  YBCO  film 
thickness  are  presented. 


Theoretical  Background 

A simple  plane  F-P  resonator  consists  of  two  parallel  mirrors  separated  by  a gap, 
with  their  reflecting  surfaces  facing  each  other.  In  the  present  experiments,  two  Si 
substrates  coated  with  YBCO  films  were  used  to  form  an  F-P  resonator  as  shown  in  Fig. 
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7.1.  The  transmittance  through  this  multilayer  structure  was  derived  using  the  two- 
effective-interface  method  described  Chapter  3.  The  transmittance  of  the  resonator  is 
given  by  Eq.  (3.42).  After  some  algebraic  manipulations 

t,t2 


y= 


o-Vr^r 


i+ 


4VR^ 


(1-VftqR if 


sin 


P + <h  + <t>2 


(7.1) 


where  subscripts  1 and  2 indicates  the  first  and  the  second  film/substrate  composite,  T 
and  R are  the  transmittance  and  the  film-side  reflectance  of  the  composite,  5 = 47t©d  is 
the  phase  shift  of  the  radiation  at  frequency  © for  one  round  trip  inside  the  cavity  of 
length  d with  a refractive  index  equal  to  1,  and  <j)  is  the  phase  shift  upon  refection  at  the 
film  surface.  Equation  (7.1)  can  be  expressed  in  a more  compact  form  using  the 
definitions  of  the  finesse. 


F = 


rc(Ri  R2) 
i - VRi  ^ 


1/4 


(7.2) 


and  the  resonant  transmittance, 


cr  T,  T2 

""  o -AA7): 


(7.3) 


Hence,  the  transmittance  of  the  resonator  is 


57: 
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, 4F  . 2.\|/, 

1 H y sin 

7t  2 


(7.4) 


where  \\i  = 5 + ((jj  + <|)2 . The  transmittance  reaches  its  maxima  (57res)  for  \\i  = 2 m 7t  and  its 


minima  for  \|/  = (2m  +l)7t  where  m is  the  order  of  the  interference  fringe.  If  the  change  in 
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yres  is  small,  the  locations  of  the  half  maxima  can  be  calculated  by  setting  the 

denominator  in  Eq.  (4)  to  be  2,  i.e.,  F2  sin2(>/2)  = k2 /4 . For  larger  values  of  F,  \\i 
values  are  v|/  = 2m7r± 7c/ F . If  changes  in  <))i  and  (|>2  are  neglected,  the  bandwidth 

measured  by  the  full  width  at  half  maximum  (FWHM)  is  (2dF)-1 . This  is  consistent  with 
the  definition  of  the  finesse  F,  which  is  the  ratio  of  the  fringe  separation  or  the  free 
spectral  range,  Ao  = (2d)-1 , to  the  bandwidth.  For  a given  cavity  length,  F is  inversely 
proportional  to  the  bandwidth  of  the  transmittance  peak.  The  effects  of  interference  inside 
the  substrate  are  included  in  the  T and  R terms,  which  can  cause  additional  oscillations 
(sidebands)  in  the  transmittance  spectra  and/or  interfere  with  the  resonant  transmittance 
peaks.  Hence,  the  actual  bandwidth  and  finesse  may  differ  significantly  from  the 
simplified  calculations.  It  is  noteworthy  that  the  transmittance  of  the  resonator  can  also  be 
calculated  using  the  transfer-matrix  method  described  in  Chapter  3 (Malone  et  al.,  1993; 
Kumar  and  Zhang,  1999).  Because  Eqs.  (7.2)  - (7.4)  clearly  distinguish  the  influence  of 
the  cavity  resonance  from  the  properties  of  each  individual  reflector,  they  are  employed 
in  the  present  analysis. 

Review  of  F-P  Resonators  Built  with  HTSC  Thin  Films 

High-temperature  superconducting  (HTSC)  thin  films  on  transparent  substrates 
have  been  considered  as  a potential  substitute  for  the  metallic  mesh  reflectors  in  far- 
infrared  resonators  (Renk  et  al.,  1990).  Metallic  meshes  show  absorption  at  infrared 
frequencies  due  to  the  ohmic  losses  from  the  current  induced  in  the  wires  (Belland  and 
Lecullier,  1980).  This  absorption  within  the  metallic  mesh  limits  the  finesse  of  the 
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resonators.  In  the  superconducting  state,  superconducting  thin  films  have  no  ohmic  losses 
(i.e.,  no  absorption)  for  frequencies  up  to  their  superconducting  energy  gap,  which  lies  in 
the  far-infrared  region  for  HTSC  material.  Hence,  the  F-P  resonators  built  with  HTSC 
thin  films  should  offer  a higher  finesse  than  those  with  metallic  meshes,  although  some 
residual  absorption  still  exists  at  low  temperatures  due  to  non-condensing  electrons. 
Another  advantage  is  the  suppression  of  high-frequency  radiation,  as  HTSC  materials  are 
more  opaque  than  the  metallic-mesh  at  high  frequencies  (Renk  et  al.,  1990). 

Renk  et  al.  (1990)  reported  the  use  of  HTSC  thin  films  for  the  construction  of  F-P 
resonators  in  the  frequency  range  up  to  300  cm-1.  They  used  100  nm  thick  YBCO  films 
on  1 mm  thick  MgO  substrates  as  reflectors  and  a cavity  length  of  44  pm.  The  obtained 
peak  transmittance  was  *0.016  with  a finesse  F * 30  for  the  first-order  resonance.  The 
lower  transmittance  was  due  to  the  relatively  thick  YBCO  film.  Wiese  et  al.  (1992) 
measured  the  transmittance  of  a resonator  made  from  two  reflectors:  a 50  nm  thick 
YBCO  film  on  a 0.35  mm  thick  MgO  substrate  and  a 70  nm  thick  YBCO  film  on  a 0.25 
mm  thick  MgO  substrate.  The  reported  peak  transmittance  was  *0.16  and  F * 55  for  the 
first-order  resonance  located  near  80  cm-1.  In  order  to  obtain  a high  peak  transmittance, 
the  HTSC  films  should  be  thin  enough  so  that  they  do  not  block  all  the  radiation  and  the 
substrates  should  effectively  transmit  in  the  frequency  region  of  interest.  Pechen  et  al. 
(1992)  measured  the  transmittance  of  a resonator  built  from  30  nm  thick  YBCO  films 
deposited  on  0.5  mm  thick  Si  substrates.  The  measured  peak  transmittance  at  10  K was 
about  0.6  with  F * 20  at  the  first-order  resonance  frequency  of  *60  cm-1.  Although  this 
peak  transmittance  is  much  higher  than  that  obtained  in  the  previous  studies,  the 
resonance  in  the  substrates  has  caused  strong  sidebands  that  overlap  the  main  resonance 
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peaks  (Pechen  et  al.,  1992).  The  smaller  thickness  of  the  substrate  used  in  the  work  by 
Kumar  et  al.,  (1999a)  allows  the  distinction  of  the  main  resonance  from  the  sidebands 
caused  by  interference  effects  in  the  substrates. 

Experiments 

In  the  present  study,  Sample  A and  B are  used  as  reflectors  to  built  the  F-P 
resonator.  The  transmittance  and  reflectance  characteristics  of  these  samples  were 
presented  in  Chapter  5.  The  spacer  that  separates  the  two  films  was  either  a polyimide 
sheet  of  132  pm  thickness  or  a copper  plate  of  550  pm  thickness,  with  a hole  at  the 
center.  The  cross-sectional  view  of  the  resonator  arrangement  is  shown  in  Fig.  7.1.  The 
distance  between  the  two  films,  i.e.,  the  cavity  length  d,  is  determined  by  the  spacer.  The 
sample  holder  shown  in  Fig.  4.7  was  used  for  the  transmittance  measurements.  Slightly 
curved  beryllium  copper  strips,  fastened  with  screw  on  the  corners  of  one  plate,  act  like 
springs  to  hold  the  films  along  with  the  spacer  to  the  copper  plate.  The  transmittance 
spectra  were  measured  using  the  slow-scan  Michelson  interferometer. 

The  measured  transmittance  spectra  for  the  polyimide  spacer  are  shown  in  Fig. 
7.2.  The  transmittance  peaks  resulting  from  the  resonance  within  the  cavity  are  located  at 
com  =m/2d,  where  m = 1,  2,  ...  Therefore,  the  transmittance  peaks  of  the  first-  and 
second-order  resonance  for  this  spacer  are  approximately  located  at  39  cnT 1 and  76  cm-1, 
respectively.  The  actual  resonance  frequencies  are  determined  by  \| /,  which  is  influenced 
by  (()i  and  (|)2.  The  resonant  transmittance  peaks  are  shifted  toward  higher  frequencies  as 
the  temperature  is  lowered.  This  can  be  explained  by  the  decrease  in  the  refractive  index 
of  the  Si  substrate  as  the  temperature  is  lowered.  The  resonance  (or  interference)  within 
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the  Si  substrates  is  coupled  to  the  main  resonance  inside  the  cavity,  resulting  in  complex 
fringes.  The  sidebands  include  additional  transmittance  peaks  near  the  main  resonance 
and  ripples  in  the  spectra. 

Above  100  K the  peak  transmittance  associated  with  sidebands  is  comparable  to 
that  of  the  main  resonance.  In  the  normal  state  5res  decreases  with  temperature,  by  a 

factor  of  two  from  300  to  100  K.  If  both  the  YBCO  films  were  identical,  then  !Jres  given 

by  Eq.  7.3  can  be  expressed  as  (Renk  and  Genzel,  1962) 


y = 

°res  . /— x2 


0+A/T  y 


(7.5) 


where  A = 1 - T - R is  the  absorptance  of  the  film/ substrate  composite.  The  smaller  the 
value  of  A/T , the  higher  the  resonant  transmittance  5te s.  The  YBCO  material  exhibits  a 


metallic  behavior  in  the  normal  state.  Its  electrical  conductivity  will  increase  as  the 
temperature  decreases,  yielding  a reduction  in  the  transmittance  and  an  increase  in  the 
reflectance.  The  absorptance  for  radiation  incident  on  the  film  side  does  not  change 
significantly  with  temperature  in  the  normal  state  (Kumar  et  al.,  1999b).  Therefore,  as  the 
temperature  is  lowered,  the  resonant  transmittance  decreases  whereas  the  finesse 
increases,  which  means  a decrease  in  the  bandwidth.  The  transmittance  associated  with 
the  sidebands  show  a relatively  higher  percentage  of  reduction  than  the  main  resonant 
transmittance,  because  the  increase  in  the  reflectance  of  the  YBCO  films  has  suppressed 
the  interference  effects  within  the  Si  substrates. 

In  the  superconducting  state,  however,  the  sidebands  are  significantly  suppressed 
in  comparison  with  the  main  resonance  and  this  difference  becomes  even  larger  at  the 
second-order  resonance.  Another  feature  associated  with  the  superconducting  state  is  that 
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at  some  locations,  the  peak  transmittance  increases  as  the  temperature  is  lowered.  This  is 
particularly  true  at  the  second-order  resonance  (76  cm”1),  where  yres  is  increased  from 

0.24  at  50  K to  0.28  at  10  K.  Similar  characteristic  was  observed  in  the  transmittance 
spectra  of  a single  film/substrate  composite  due  to  the  resonance  in  the  Si  substrate  (see 
Fig.  5.4).  The  radiative  properties  of  YBCO  in  the  superconducting  state  differ  greatly 
from  those  in  the  normal  state.  In  the  superconducting  state,  HTSC  materials  tend  to 
show  perfect  reflection  and  little  absorption  for  radiation  at  frequencies  below  its  energy 
gap.  Decreasing  the  temperature  causes  an  increase  in  the  fraction  of  superconducting 
electrons  and  a decrease  in  the  far-infrared  absorptance  (Tanner  and  Timusk,  1992). 
Hence,  the  increase  in  the  peak  transmittance  from  50  K to  10  K can  be  attributed  to  the 
decrease  in  the  absorptance  within  the  YBCO  films.  Similar  to  the  normal  state,  the 
bandwidth  also  decreases  with  the  decrease  in  temperature,  because  of  the  increase  in  the 
reflectance.  The  measured  finesse  at  76  cm”1  is  approximately  20  at  50  K and  23  at  10  K. 

The  measured  transmittance  spectra  for  the  copper  spacer  are  shown  in  Fig.  7.3. 
Here,  the  transmittance  peaks  resulting  from  the  resonance  within  the  cavity  are  separated 
at  an  interval  of  ~ 9 cm”1  and  are  located  at  approximately  9 cm”1,  18  cm”1,  27  cm”1,  etc. 
The  transmittance  characteristics  at  different  temperatures  show  the  expected  pattern  as 
described  for  the  polyimide  spacer. 

Calculation  and  Comparison 

The  transmittance  T,  film-side  reflectance  R,  and  phase  shift  <j>  of  each  reflector 
can  be  calculated  using  the  optical  constants  of  the  film  and  substrate,  assuming  it  is 
composed  of  a thin  absorbing  film  on  a thin  (coherent)  transparent  substrate  (Kumar  et 
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al.,  1999b).  By  comparison  with  the  experiments,  best  fitting  parameters  (such  as  the 
plasma  frequency  and  scattering  rate)  were  obtained  and  reported  in  Chapter  5 for  each 
individual  reflector.  The  fitted  parameters  obtained  for  the  two  films  are  not  the  same 
because  of  variation  in  the  conditions  of  deposition  and  post  treatment.  There  exists  a 
large  fraction  of  residual  normal  electrons  at  temperatures  below  Tc.  The  buffer  layers 
have  negligible  effect  to  either  the  phase  shift  or  the  transmittance  and  reflectance. 

The  refractive  index  of  Si  depends  on  the  frequency,  increasing  for  about  0.1% 
from  10  to  100  cm-1  (Loewenstein  et  al.,  1973).  Such  small  variation  is  negligible  in  the 
frequency  region  considered  here;  therefore,  the  refractive  index  of  Si  is  assumed  to  be 
dependent  only  on  temperature.  The  refractive  index  of  Si  changes  from  3 .42  at  300  K to 
3.39  at  10  K as  obtained  by  fitting  the  interference  fringes  in  the  transmittance  and 
reflectance  spectra  of  a bare  Si  substrate.  The  substrate  thicknesses  are  dSl  = 203.6  pm 
and  204.3  pm  for  the  two  reflectors,  respectively.  Changes  in  dsi  due  to  thermal 
expansion  are  within  0.024%  throughout  the  temperature  range,  which  is  negligibly 
small.  The  uncertainty  in  the  refractive  index  and  thickness  of  Si  is  approximately  0.5%. 
The  surfaces  are  optically  smooth  with  a root-mean-square  roughness  of  a few 
nanometers.  Because  the  wavelength  is  longer  than  100  pm,  the  effect  of  surface 
roughness  can  be  neglected. 

The  transmittance  of  the  resonator  is  very  sensitive  to  the  optical  path  length 
introduced  by  the  spacer.  The  thickness  of  the  polyimide  spacer  measured  with  a 
micrometer  was  132  pm.  To  obtain  a good  agreement  with  the  measured  fringes,  in  the 
computation,  the  cavity  length  was  adjusted  to  138  pm  at  300  K and  134  pm  at  10  K. 
This  discrepancy  may  be  due  to  the  beryllium  copper  springs  not  being  tight  enough. 


Ill 


Excessive  tightening  was  avoided  as  it  might  break  the  samples.  As  low  temperatures, 
there  may  be  a decrease  in  the  cavity  length  due  to  thermal  contraction  of  the  polyimide 
film  and  the  effect  of  the  beryllium  copper  springs.  Notice  that  the  cavity  length  is  the 
only  adjustable  parameter  in  the  calculation  using  Eq.  (7.1)  or  Eq.  (7.4). 

Another  important  issue  is  the  parallelism  between  the  two  reflecting  surfaces. 
Only  manual  adjustments  were  done  during  experiment  to  maintain  the  two  reflectors  as 
parallel  as  possible.  Parallelism  between  the  two  reflecting  surfaces  also  might  have 
suffered  from  the  uneven  tightening  of  these  springs.  Equations  from  thin-film  optics  are 
strictly  applicable  to  complete  coherent  cases  but  nonparallelism  can  significantly  reduce 
the  fringe  contrast  and  peak  transmittance.  The  effect  of  partial  coherence  on  the  radiative 
properties  of  thin  films  were  studied  by  many  authors,  see  for  example  Chen  and  Tien 
(1992)  and  Anderson  and  Bayazitoglu  (1996).  The  finite  spectral  resolution  and  beam 
divergence  also  reduce  the  coherence  (Zhang,  1994).  In  the  experiments  the  frequency 
interval  between  data  points  was  »0.28  cm-1  and  the  spectral  resolution  was  0.56  cm"1. 
The  spatial  incoherence  introduced  by  the  nonparallelism  and  by  the  beam  divergence  is 
frequency  dependent  (Grossman  and  McDonald,  1995).  Therefore,  an  empirical  relation 
for  the  frequency-dependent  effective  resolution  (Sco)  is  introduced  as 


changes  from  10  to  100  cm"1.  In  the  computation,  the  transmittance  is  integral  averaged 
from  co-5o/2  to  q+5co/2  for  each  point.  Figure  7.4  shows  the  comparison  between  the 
measured  transmittance  and  calculated  transmittance  which  includes  the  effect  of  partial 


(7.6) 


Equation  (7.6)  gives  an  effective  resolution  from  about  0.6  to  2.1  cm  1 as  co 
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coherence.  The  measured  and  calculated  values  agree  closely  except  for  the  spectra  at  10 
K in  the  regions  from  30  to  37  cm-1  and  from  65  to  72  cm-1 . 

The  measured  and  calculated  transmittance  at  300  K and  10  K for  the  resonator 
with  the  copper  spacer  is  shown  in  Fig.  7.5.  The  interference  in  the  Si  substrates  has  a 
strong  effect  on  the  peak  transmittance  because  3tes  changes  drastically  with  frequency, 

which  will  be  discussed  in  the  following  section.  The  measured  peak  transmittance  is 
0.51  at  300  K and  0.16  at  10  K for  the  second-order  resonance.  The  FWHM  bandwidth 
for  this  transmittance  peak  is  1.1  cm-1  and  0.9  cm’1  at  300  K and  10  K,  respectively. 

To  demonstrate  the  effect  of  partial  coherence,  the  transmittance  calculated 
directly  from  thin-film  optics  (coherence)  with  a frequency  interval  of  0.05  cm’1  is 
compared  with  that  calculated  considering  partial  coherence  in  Fig.  7.6.  The  effect  of 
partial  coherence  is  particularly  large  for  sharp  transmittance  peaks.  Notice  that  the 
bandwidth  of  the  transmittance  peak  broadens  due  to  partial  coherence.  Higher  spectral 
resolution  with  improved  alignment  between  the  two  reflecting  surfaces  should  improve 
the  future  measurements. 


Discussion 

Resonant  Transmittance  Optimization 

The  radiative  properties  of  individual  reflectors,  which  are  related  to  the 
interference  effects  in  the  substrates,  strongly  influence  the  transmittance  characteristics 
of  the  resonator.  The  resonant  transmittance  3res,  determined  from  Eq.  (7.3),  depends 

entirely  on  the  two  reflectors  not  on  the  cavity  length.  Figure  7.7  plots  the  calculated  Ti, 
Ri  and  4>i  of  the  first  reflector,  together  with  3 res  at  300  K and  10  K for  completely 
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coherent  situation.  The  properties  of  the  second  reflector  are  very  similar  to  these  of  the 
first  one  since  the  thickness  of  the  substrates  is  nearly  the  same  («204  pm).  All  spectra 
oscillate  due  to  interference  in  the  substrate  with  a period  (free  spectral  range)  of 

AtoSj  =(2nSl  dsi)-1 , where  dsi  is  the  thickness  and  nsj  the  refractive  index  of  Si.  In  the 
normal  state,  the  fringe  contrast  in  the  reflectance  is  much  larger  than  that  in  the 
transmittance.  Therefore,  the  maxima  of  both  yres  and  Ri  are  located  at  the  same 

frequencies,  given  by 


® m,Si 


2mSj  +1 

4nSidsi 


(7.7) 


where  mSi  is  the  order  of  resonance  in  the  Si  substrate.  At  frequencies  equal  to  ©m  sj , <|>i 

is  approximately  zero.  In  order  to  achieve  the  maximum  peak  transmittance,  the 
particular  resonance  in  the  cavity  must  be  coincident  with  one  of  the  resonances  in  the 
substrates.  Since  (jp  « <j)2  « 0 at  the  substrate  resonance,  Eq.  (7.4)  suggests  that  5 must 
equal  27tm,  corresponding  to  the  main  resonant  frequencies  ©m  =m/2d.  By  equating 
©m  and  ©mSi,  we  have 


d = 


2nSlm  4 

7 QSi 

2mSi  + 1 


(7.8) 


which  is  a criterion  for  obtaining  optimal  resonant  transmittance. 

In  the  superconducting  state,  Fig.  7b  shows  that  <j>i  is  always  greater  than  zero  and 
the  behavior  of  T i and  Ri  are  quite  different  from  those  in  the  normal  state.  The  maxima 
of^res,  however,  is  still  located  near  ©mSi , where  <|>i  is  close  to  zero.  Therefore,  Eq.  (7.8) 
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provide  a good  approximation  for  maximum  performance  to  be  obtained.  The  actual 
value  of  d may  be  slightly  different  from  that  given  by  Eq.  (7.8). 

Although  Eq.  (7.8)  was  originally  obtained  by  Malone  et  al.  (1993),  here  it  is 
derived  by  analyzing  the  F-P  equation  and  the  properties  of  each  individual  reflector  in 
detail.  Malone  et  al.  (1993)  adjusted  the  substrate  thickness  in  the  computation  to  predict 
the  optimal  transmittance.  In  practice,  it  is  often  easier  to  adjust  the  cavity  length.  In  our 
experiments,  the  value  of  d was  chosen  at  random  and  was  kept  constant.  In  order  to 
show  that  HTSC  films  on  transparent  substrates  are  indeed  good  candidates  for  far- 
infrared  resonators,  the  cavity  length  d is  varied  to  compute  the  optimal  characteristics  of 
the  resonator. 

The  peak  transmittance  is  optimized  for  the  first  and  second  order  of  the  cavity 
resonance  (i.e.,  m = 1,2)  for  10  K.  The  value  of  msi  is  chosen  that  the  value  of  d lies  in 
the  close  vicinity  of  134  pm,  the  value  obtained  from  the  experiment.  Using  nsi  = 3.39 
and  dsi  = 204  pm,  which  is  the  average  thickness  of  the  two  substrates,  Eq.  (7)  gives  the 
values  of  d that  yield  the  maximum  transmittance  to  be  126  pm  (msi  = 5)  and  133  pm 
(msi  = 10),  respectively,  for  the  first-  and  second-order  resonance.  The  actual  optimized 
cavity  lengths  are  d = 123  pm  and  130  pm.  Figure  7.8  compares  the  calculated 
transmittance  for  the  cavity  lengths  optimized  for  the  first-  and  second-order  resonance 
with  that  obtained  from  the  experiment.  All  three  cases  are  assumed  to  be  completely 
coherent.  The  optimized  peak  transmittance  is  near  0.6,  which  is  400%  higher  than  the 
peak  transmittance  for  the  first-order  resonance  obtained  from  the  experiment.  Another 
important  feature  in  the  optimized  situation  is  that  the  sidebands  have  been  substantially 
reduced,  which  is  the  advantage  of  using  thin  Si  substrate  as  compared  with  the  0.5  mm 
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thick  Si  substrates  used  in  the  study  of  Pechen  et  al.  (1992).  The  value  F calculated  from 
Eq.  (7.2)  also  oscillates.  Because  5res  and  (h  change  drastically  with  frequency,  the  value 

of  F calculated  from  Eq.  (7.2)  is  not  an  indicator  of  the  finesse  anymore.  The  finesse  is 
calculated  by  dividing  Aco  by  the  FWHM  bandwidth. 

The  above  method  can  be  applied  to  optimize  the  performance  for  various  ranges 
of  d and  at  different  temperatures.  These  calculations  demonstrate  that  FITSC  materials 
are  promising  candidates  for  constructing  far-infrared  resonators.  The  performance  of  the 
resonator,  however,  is  a strong  function  of  the  cavity  length.  Therefore,  a mechanism  that 
can  adjust  the  cavity  length  within  a few  micrometers  during  the  measurement  is  required 
and  currently  under  development  to  achieve  the  optimize  performance. 


The  Effect  of  the  YBCO  Film 

The  YBCO  film  thickness  affects  the  transmittance,  reflectance,  and  absorptance 
of  the  individual  reflectors,  which  in  return  affect  the  transmittance  characteristics  of  the 
resonator.  Increasing  the  film  thickness  will  decrease  the  transmittance  of  the 
film/substrate  composite,  yielding  a reduction  in  the  peak  transmittance  of  the  resonator 
as  can  be  seen  from  Eq.  (7.3).  However,  increasing  the  film  thickness  will  increase  the 
reflectance  of  the  film/substrate  composite,  which  in  turn  will  improve  the  finesse,  see 
Eq.  (7.2). 

The  effect  of  the  YBCO  film  thickness  is  studied  by  varying  its  value  on  one  or 
both  reflectors,  under  conditions  that  facilitate  the  maximum  possible  first-order  resonant 
transmittance  as  discussed  above.  The  results  show  that,  as  the  YBCO  thickness 
decreases,  the  peak  resonant  transmittance  increases  and  reaches  the  highest  value  of 
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unity  for  zero  thickness  (i.e.,  only  pure  Si  substrates).  The  height  of  the  sidebands  also 
increases  as  the  YBCO  film  thickness  decreases.  The  bandwidth  of  the  transmittance 
peaks  shows  a decreasing  trend  with  the  increase  in  the  YBCO  film  thickness,  indicating 
that  the  finesse  is  increasing.  Hence,  a compromise  must  be  made  in  the  design  of  F-P 
resonators  between  high  resonant  transmittance  and  high  finesse  with  suppressed 
sidebands.  The  thickness  of  the  YBCO  film  should  generally  be  equal  to  or  less  than  50 
nm.  The  quality  of  the  YBCO  film  also  affects  the  resonator's  performance.  High-quality 
films  with  little  residual  absorption  in  the  superconducting  state  will  improve  the  peak 


transmittance  and  finesse. 
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Figure  7. 1 The  cross-sectional  view  of  the  resonator  structure  (not  to  scale) 
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Figure  7.2  Measured  transmittance  of  the  resonator  (Cavity  length  d = 132  g.m) 
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Figure  7.3  Measured  transmittance  of  the  resonator  (Cavity  length  d - 550  (am) 
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Figure  7.4  Comparison  between  the  measured  and  calculated  transmittance 
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Figure  7.5  Comparison  between  the  measured  and  calculated  transmittance 
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Figure  7.6  The  effect  of  partial  coherence  on  the  resonant  transmittance. 


Value  Value 


123 


Figure  7.7  Calculated  T,  R,  and  <()  for  the  first  reflector  (Sample  A)  together  with  5res 
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Figure  7.8  The  effect  of  cavity  length  on  the  peak  transmittance 
for  the  first-  and  second-order  resonance. 


CHAPTER  8 

SUMMARY  AND  CONCLUSIONS 

This  dissertation  is  devoted  to  an  extensive  study  and  analysis  of  YBCO  films 
deposited  on  Si  substrates.  Transmittance  and  reflectance  measurements  were  carried  on 
several  sample  films  and  some  important  results  are  presented.  Backside  reflectance 
measurements  on  the  film-substrate  composite  indicate  that  these  films  can  be  used  for 
building  far-infrared  intensity  modulators.  Measurements  of  the  Fabry-Perot  resonators 
show  that  the  films  deposited  on  the  nonabsorbing  silicon  have  great  potential  for 
building  high  finesse  and  high  transmittance  resonators  in  the  far-infrared. 

Radiative  Properties  of  the  YBCO  Films 

The  transmittance  and  reflectance  of  thin  YBCO  films  deposited  on  transparent  Si 
substrate,  were  measured  in  the  far-infrared  region  at  temperatures  from  10  K to  300  K. 
The  measurements  show  fringes  caused  by  interference  effects  within  the  Si  substrate. 
The  change  in  the  dc  conductivity  of  the  YBCO  film  with  temperature  causes  a change  in 
the  reflection  coefficient  at  the  substrate-film  interface,  which  results  in  a variation  of  the 
interference  pattern.  Matching  of  the  admittance  of  the  YBCO  film  with  the  refractive 
index  of  the  Si  substrate  will  yield  a zero  reflection  coefficient  at  the  substrate-film 
interface  and  thus  eliminate  the  fringes  in  the  measured  transmittance.  A change  in  the 
sign  of  the  reflection  coefficient  results  in  a phase  change  of  n rad  in  the  interference 
pattern. 
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Sharp  increases  in  the  transmittance  maxima  in  the  superconducting  state  indicate 
that  optical  resonance  has  occurred  within  the  film-substrate  composite.  The  reflectance 
for  radiation  incident  on  the  substrate  increases  significantly  upon  switching  from  the 
normal  state  to  the  superconducting  state.  These  phenomena  demonstrate  that  the  HTSC 
thin  films  on  transparent  substrates  can  be  used  to  build  far-infrared  devices  such  as 
optical  resonators  and  radiation  modulators. 

The  transmittance  and  reflectance  are  calculated  using  the  Drude  model  in  the 
normal  state  and  the  two-fluid  model  in  the  superconducting  state.  The  predicted  values 
agree  closely  with  the  measured  values  using  only  a few  adjustable  parameters.  The 
complex  refractive  index  of  the  YBCO  films  is  thus  obtained  at  different  temperatures. 
The  imaginary  part  increases  steeply  as  the  superconducting  state  is  reached  but  the  real 
part  shows  a sudden  decrease.  The  refractive  index  of  YBCO  films  obtained  from  this 
study  is  important  for  the  design  of  promising  devices  using  HTSC  thin  films. 

The  measured  normal  state  absorptance  and  the  calculated  superconducting  state 
absorptance  are  presented.  The  absorptance  for  backside  illumination  is  greater  than  that 
for  the  radiation  incidence  on  the  film  side.  It  is  observed  that  the  absorptance  is  a 
sensitive  function  of  the  film  thickness.  The  effect  of  the  film  thickness  on  the 
absorptance  is  studied  by  calculating  the  radiative  properties  as  a function  of  the  film 
thickness.  There  exists  an  optimal  thickness,  for  which  the  absorptance  is  maximum 
although  such  thickness  for  incident  on  the  film  side  is  different  from  that  incident  on  the 
substrate  side.  At  certain  frequencies  the  optimized  absorptance  for  backside  incidence 
can  be  greater  than  0.9.  The  absorptance  data  and  analysis  provided  here  will  facilitate 
the  design  of  infrared  detectors  based  on  YBCO  films. 
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Fabry-Perot  Resonators 

The  transmittance  of  Fabry-Perot  resonators  built  from  YBCO  films  on  Si 
substrates  as  the  reflecting  surface,  was  measured  in  the  far-infrared  region  at 
temperatures  between  10  and  300  K.  The  sidebands  observed  in  previous  studies  have 
been  suppressed  by  the  use  of  thin  substrates.  The  resonant  transmittance  decreases  with 
temperature  in  the  normal  state  but  may  increase  in  the  superconducting  state  as  the 
temperature  goes  down.  The  calculated  transmittance  considering  partial  coherence  is  in 
good  agreement  with  the  experimental  data. 

An  optimized  analysis  was  performed  to  predict  the  maximum  resonant 
transmittance  by  examining  the  interference  effects  in  the  cavity  and  substrates.  The 
transmittance  characteristics  of  the  resonator  are  very  sensitive  to  the  thickness  of  each 
layer  that  forms  the  resonator.  The  maximum  resonant  transmittance  is  obtained  when  the 
resonance  in  the  cavity  is  coincident  with  that  in  the  substrates.  An  increase  in  the  YBCO 
film  thickness  will  improve  finesse  but  reduce  peak  transmittance. 

These  measurements  demonstrate  the  potential  of  using  YBCO  thin  films  on  thin 
Si  substrates  to  construct  F-P  resonators.  The  simple  procedure  laid  out  for  calculating 
the  transmittance  of  the  resonators  helps  in  analyzing  the  effect  of  a single  reflector  and 
the  future  design  of  similar  resonators. 

The  film  deposition  techniques  need  to  be  improved  in  order  to  make  films  of 
similar  characteristics.  The  quality  of  the  YBCO  film  should  be  improved  to  reduce  the 
residual  absorption  for  higher  performance.  This  will  be  useful  for  making  resonators  of 
required  performance.  Future  work  is  recommended  to  use  a mechanism  that  will 
improve  the  alignment  between  the  two  reflectors  and  can  tune  the  cavity  length  during 
measurement.  A high  spectral  resolution  should  also  be  used  to  discern  sharp 
transmittance  peaks. 
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